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University of New Hampshire, May, 2016 
 
As high tunnel production is relatively new to the Northeast, this research has 
helped understand knowledge-gaps in common warm and cold-season crop systems in the 
region. High tunnels increase crop yield and quality and extend the growing season, and 
are most commonly used for tomato in the warm-season and spinach in the cold-season. 
Spinach was grown in unheated high tunnels throughout the cold-season to evaluate 
the effects of cultivar and planting date on yield and sweetness (Brix° levels). Cultivar and 
planting date had a significant effect on yield, where earlier planting dates resulted in 
higher yields. Cultivar had a significant effect on Brix° levels and a significant negative 
correlation existed between in-tunnel temperature and Brix° levels. 
 While hydroponic tomato fertility is well understood, little research exists in high 
tunnel tomato soil fertility, which this experiment addressed focusing on potassium (K) 
because of its importance in fruit production. Tomato was grown in high tunnels 
throughout the warm season to establish critical soil K levels for maximum yield with 
organic K fertility, evaluate the effects of soil K on yellow shoulder disorder (YS), and 




improve the strength of predicting soil K levels in high tunnels under three years of 
continuous production. Applied K had a significant effect on marketable yield, however 
critical soil K levels could not be established. Applied and soil K had significant effects on YS. 
The field soil and SME tests were significantly correlated in their ability to measure soil K. 
As a result, their combination could not increase soil K prediction strength. These results 
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Chapter 1: Introduction 
High Tunnels 
 
 As first described by Wells and Loy in 1993, high tunnels are portable, green-house 
like structures with a single layer of plastic used for growing crops, that lack permanent 
powered heating or ventilation. While these simple structures are still common, modern 
high tunnels have seen increasing complexity, such as double-layer inflated plastic and 
automated ventilation, both of which improve their climate-moderating capabilities 
(Blomgren and Frisch, 2007).   
 The use of high tunnels in horticultural production is becoming increasingly popular 
in the United States (Carey et al., 2009). With the benefits of season extension and crop 
protection coupled with the increased demand for local produce (Conner et al., 2009), 
growers in the Northeast are readily adopting this technology. Currently in the Northeast, 
high tunnels are being used for the production of high value crops such as tomatoes, 
raspberries, strawberries, and leafy greens (Blomberg and Frisch, 2007).  
 High tunnels improve the production of crops by increasing the growing season, 
production, fruit quality, efficiency of nutrient uptake, and provide some climactic control 
compared to field sites (Biernbaum, 2013; Goldy, 2012; Jett, 2010; Reeve and Drost, 2012). 
However, they not only increase the quality of warm season crops, but can extend the 
growing season through the entire winter with careful management and crop selection 
(Boese and Huner, 1990; Borelli et al., 2013; Coleman, 1989; Coleman, 1992; Coleman, 
2009; Hunter et al., 2012; Knewtson, 2008). This allows growers to utilize the winter-
season market by providing year-round fresh produce without high heating costs. Being 
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both “low-tech” and inexpensive (Carey et al., 2009; Wells and Loy, 1993), high tunnels are 
likely to be an integral factor in the rising local food movement in our region. 
Season Extension 
 
One of the uses for high tunnels is extending the growing season (Hunter et al., 
2012; Lamont, 2009; Martin and Sideman, 2012). Properties allowing for season extension 
include heat retention and frost and wind prevention (Reeve and Drost, 2012; Wein, 2009).  
In addition, row cover can be placed above crops within the high tunnel for added 
insulation at a low cost (Coleman, 1992; Coleman, 2009; Hunter et al., 2012; Martin and 
Sideman, 2012; Takeda, 2008).  Row covers are flexible, translucent (polyethylene, 
polyester, or polypropylene) materials that are supported over crops (Wells and Loy, 
1993). Row covers are vital to winter high tunnel growers because they can provide an 
extra 2 - 6 C of protection (Emmert, 1956; Waggoner, 1958), although Martin and Sideman 
(2012) observed up to 16.9°C  (30.4°F) of protection at very low outdoor temperatures. 
This relatively inexpensive and low input technology can produce a cultivar of crops 
throughout the winter, from spinach and lettuce (Borrelli et al., 2011; Coleman, 1992; 
Coleman, 2009; Knewtson, 2008; Lamont, 2009; Wallace et al., 2012) to winter-sprouting 
broccoli (Martin and Sideman 2012). While there are testimonies of cultivating a wider 
range of cold hardy crops (Coleman, 1989; Coleman, 1992; Coleman, 2009), the peer-
reviewed literature addressing this production system is limited.  
 
 
    




Spinacea oleracea (spinach) is a domesticated herbaceous annual leafy green 
vegetable crop within the Amaranthaceae family that is grown worldwide. The exact 
location of where the species originated is unknown, however it is thought to have 
descended from its wild relatives Spinacea tetrandra and Spinacea turkestanica, which are 
found throughout Iraq, Iran, Kazakhstan, Turkey, Turkmenistan and Uzbekistan. Due to the 
proximity of its wild relatives, spinach is thought to have first been cultivated in western 
Asia, but no conclusive records are available. The first historical records of spinach 
cultivation were in the seventh century in China, which later spread to Europe in the 12th 
century (Anderson and Torp, 2011). 
Spinach is a long-day plant that is cultivated in areas with a cool season, making it 
an ideal crop for the Northeast. Here, mixed vegetable growers commonly grow spinach for 
the fresh market in the spring and fall seasons. However, the combination of the 
introduction of high tunnels to the Northeast by Dr. Otho Wells and Dr. Brent Loy in the 
early 1990’s (Wells and Loy, 1993; Wells, 1991) with Eliot Coleman’s adaptation of high 
tunnels to winter production (Coleman, 1989; Coleman, 1992; Coleman, 2009), spinach has 
been cultivated throughout the winter.  
Spinach in High Tunnels 
 
Spinach is an ideal crop for winter high tunnel culture in the Northeast because it is 
one of the only vegetables that will continue to grow at colder temperatures, providing 
multiple harvests throughout the winter season (Hunter et al., 2012).  Winter spinach can 
allow for growers to meet local market demands when other produce options are limiting, 
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as well as make use of idle on-farm infrastructure (Ernst et al., 2012) and maintain year-
round employees. In addition, spinach has been observed to increase in soluble sugars 
when exposed to cold temperatures (Guy et al., 1992; Proietti et al., 2009) resulting in a 
sweeter, potentially higher quality crop, than spinach grown during warmer seasons. 
Because of these characteristics combined with the relatively low infrastructure and 
maintenance costs, some regional growers already use high tunnels to grow winter spinach. 
However, important factors such as varietal selection, season-long yield patterns, 
optimal planting dates, and quality differences have not been well researched in the 
Northeast. Because of this, regional cooperative extension services are not able to provide 
detailed guidelines for cultivating winter spinach, which are available for many other crops. 
The goal of this research was to answer some of these vital questions to provide regional 





 Solanum lycopersicum (tomato) is a domesticated herbaceous perennial fruiting 
crop in the Solanaceae family. It is hypothesized to have descended from Solanum 
lycopersicum var. cerasiforme, which is native throughout the western Americas from 
Mexico to Chile. While the timing of first cultivation and domestication of the tomato is 
unknown, competing theories claim it is likely to have occurred in modern day Ecuador, 
Mexico, or Peru. However, during the European colonial conquests of the Americas in the 
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mid-1500’s, the tomato was first introduced to the New World and has been widely 
cultivated since (Peralta and Spooner, 2006).  
 Tomato is a long-day, warm season plant that is commonly grown as an annual crop 
in areas that experience frost or freezing conditions. In New Hampshire, there is no 
vegetable crop grown in higher acreage than tomato (open field and high tunnel data not 
delineated) other than pumpkin, summer and winter squash, and sweet corn (USDA, 2012). 
While field production is common, tomato is the most commonly grown crop in high 
tunnels (Carey, 2009; Lamont, 2009). 
High Tunnel Tomato: Basic Production Practices and Cultivars 
 
In the Northeastern U.S., tomato is commonly grown in high tunnels to benefit from 
warmer temperatures, increased nutrient mineralization and uptake, increased 
environmental and pest protection and decreased precipitation allowing for more precise 
irrigation management (Goldy, 2012; Jett, 2010; Reeve and Drost, 2012; Biernbaum, 2013). 
As a result, high tunnel tomato management can differ from field tomato management.  
 High tunnel tomato is generally grown from seed indoors in soilless media and 
transplanted in-ground (Howell and Hazzard, 2013b). Due to the warmer growing 
environment, they can be transplanted at least one month earlier than in field sites (Hunter 
et al., 2012). Black plastic mulch is commonly used in high tunnel tomato production as it 
warms the soil, reduces irrigation need, reduces leaching of nitrogen, and decreases weed 
pressure (Howell and Hazzard, 2013b). Beds are most often irrigated with plastic drip lines 
for time and water-use efficiency (Hunter et al., 2010). The spacing between beds is 
typically 1.2 m (4 ft) from the center of one row to the center of the adjacent row. Within 
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rows, tomato plants are typically spaced at 35.5-40.6 cm (14-16 in) to maximize space use 
while maintaining air circulation, reducing risk of fungal diseases including botrytis and 
leaf mold. 
 Both determinate and indeterminate cultivars of tomatoes are grown in high 
tunnels. Indeterminate cultivars are generally more popular than determinate cultivars in 
the Northeast. This is because their vining habit allows for use of vertical space, and they 
bear fruit continuously throughout the growing season, catering to the local fresh-market 
demand better than determinate cultivars. The methods below describe the general 
practices for producing indeterminate tomatoes.  
 The vining habit of indeterminate tomato requires that they be trellised for support. 
Steel wire or pipe is often suspended roughly 1.5-1.8 m (5-6 ft) above the ground and line 
(typically nylon) is hung from directly above each plant to the ground (Howell and Hazzard, 
2013b). As plants grow, they are trained to the line most often with commercial tomato 
clips from a variety of vendors (Ivy, 2014).  
 Indeterminate cultivars also require pruning as they grow to maximize yields and 
prevent disease. To promote vertical growth, maximize fruit production, and decrease 
vegetative growth, all lateral meristematic growth is removed, leaving only the growing 
point at the apical meristem (the single leader method). In addition, leaves below the 
lowest and most recently harvested fruit set are removed to increase airflow and reduce 
disease pressure (Ivy, 2014; Ford, 2015).  
 In terms of varietal selection, important traits include high yield, high quality fruit, 
and resistance to diseases and disorders. For example, ‘Geronimo’ is commonly grown as it 
expresses resistance to leaf mold (Ivy, 2014) and yellow shoulder. Other popular cultivars 
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resistant to leaf mold include ‘Panzer’ and ‘Rebelski’. Despite its susceptibility to yellow 
shoulder and leaf mold, ‘Big Beef’ is another commonly grown cultivar (Ivy, 2014), as it is 
high yielding, produces extra large fruit, and exhibits resistance to VFNT (verticillium wilt, 
fusarium wilt, nematodes and tobacco mosaic virus), Alternaria, stem canker, and grey leaf 
spot (Harris Sees, 2015). 
High Tunnel Soil Characteristics 
 
 Characteristics of soils under tunnels are different from soils in open fields. Field 
soils in the Northeast are subjected to the temperate-humid climate that is associated with 
our area. Winters are cold, summers are warm, and precipitation is sufficient enough to 
leach salts from the soil. However, once a high tunnel is placed over a field soil, it is 
hypothesized that the soil is subjected to an irrigated desert climate more similar to the 
American West than the Northeast (Hoskins, 2013). Warmer air and soil temperatures are 
experienced year-round and while significant lateral movement of soil water into high 
tunnel soils can occur after rain events precipitation is reduced (Montri and Biernbaum, 
2009). This environment creates a soil that has the potential for new characteristics such as 
increased nutrient mineralization from warmer temperatures and increased salinization 
from the lack of precipitation (Hoskins, 2013).  
High tunnel soils are generally managed more intensively than field soils (Knewtson 
et al., 2010; Knewston et al., 2012). Liu et al. (2008) describes the very high rates of fertility 
typically applied to greenhouse vegetables in China: 2,388 kg/ha N, 3,274 kg/ha P2O5, and 
1,216 kg/ha K2O per year, which is nearly ten times higher than current University of New 
Hampshire recommendations based on crop need alone.  
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High fertilizer inputs can cause a buildup of ions such as chloride, sulfate, 
bicarbonate, sodium, calcium, magnesium, nitrate, and potassium (Bernstein, 1975). When 
such ions combine with an acid or base, a chemical salt such as ammonium nitrate or 
potassium sulfate is formed. As many fertilizer salts are water soluble, excessive salt build 
up within soils can be managed through irrigation, which can leach salts down the soil 
profile. If not managed, these salts can accumulate to the point where concentrations are 
higher in the soil than within plant root tissues. This disrupts the osmotic gradient within 
the soil, limiting the plant’s ability to uptake or retain water. As a result, a variety of 
physiological stresses affect crops in soils with excessive salinity (Brady and Weil, 2007; 
Hoskins, 2013; Reeve and Drost, 2012).   
Fitzgerald and Hutton (2012) found in their survey of Maine high tunnel growers 
that compost or animal manure was used in 94% of the high tunnels surveyed. Not only 
does compost use increase soluble salt content (Montri and Biernbaum, 2009; Reeve and 
Drost, 2012), the nutrient content of compost can be inconsistent and potentially difficult 
to use and manage precisely (Gaskell and Smith, 2007). Using organic inputs at high rates 
can also increase soil organic matter and alter soil structure pH (Blomgren and Frisch, 
2007; Carey et al., 2009). With 35% of high tunnel growers using solely organic inputs for 
nutrient management in a survey done by Knewtson et al. (2010), this is commonly seen in 
high tunnel soils. 
In summary, soils that have been continuously under high tunnel production 
typically exhibit increased soil organic matter, increased soluble salt content, and increased 
macro-nutrients as compared with field soils (Hoskins, 2013; Knewtson et al., 2010; 
Fitzgerald et al., 2012; Sideman, unpublished). Knewtson et al. (2010) indicated that 14% 
    
    
9
of growers using high tunnels perceive soil quality problems in their high tunnels not seen 
in adjacent fields. This perception, combined with grower’s frequently reporting nutrient 
related disorders in high tunnels (Sideman, unpublished), indicates that crop-specific 
nutritional research is needed in high tunnel soils.  
High Tunnel Tomato Disorders 
 
 High tunnel tomatoes can experience a variety of physiological disorders. Such 
disorders are generally caused by cultural practices or environmental factors. Ripening 
disorders such as blotchy ripening, internal white tissue, and grey wall, all of which are 
associated with soil N and K levels (Hartz et al., 1999; Peet, 2009) and high temperatures 
(Matsumoto and Hornsby, 1974). Blossom end rot is associated with environmental stress 
(Saure, 2014). Radial or concentric cracking associated with soil moisture fluctuations. Cat-
facing associated with low light and temperatures during flowering and early fruit growth. 
Sun scald associated with high light exposure (Hunter et al., 2010.) 
All of the disorders listed above can render affected fruit unmarketable. While all 
disorders are present in the northeast, yellow shoulder is of particular importance due to 
its prevalence (Sideman, unpublished). Yellow shoulder is associated with high 
temperatures, K deficiency (Hartz et al., 1999; 2005; Hunter et al. 2010), and genotypes 
lacking the uniform green gene (Picha, 1987). Because soil K levels can be more easily 
manipulated and controlled than temperature, and genetic resistance is not available in all 
desirable cultivars, increasing our understanding of the relationship between K and yellow 
shoulder will greatly benefit tomato production. 
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Role of Potassium in Tomato Nutrition 
 
 No cation is required in greater amounts by plants than K (Brady and Weil, 2007). A 
myriad of essential functions in plants are directly linked to adequate K uptake, including 
but not limited to: osmoregulation, internal cation/anion balance, enzyme activation, 
proper water relations, photosynthate translocation, and protein synthesis (Dibb, 1998; 
Mikkelson, 2008). These factors, particularly enzyme activation and photosynthate 
translocation, can greatly affect tomato production. It is known that K concentrations affect 
tomato yield (Ahktar et al., 2010; Fontes et al., 2000; Hartz et al., 2005; Lachover, 1972; 
Serio et al., 2007) and certain quality parameters such as soluble solids concentration 
(Hartz et al., 1999; Lachover, 1972), fruit color, presence of yellow shoulder (Hartz et al., 
1999; Hartz et al., 2005, and fruit sugar (Lacatus et al., 1994). In addition, an adequate K 
supply to tomato can increase tolerance to abiotic stresses such as drought and heat and 
light intensity (Cakmak, 2005 
Tomato yield response to preplant K application in field soils (Ahktar et al., 2010), 
and to K fertigation via drip irrigation (Fontes et al., 2000) in field soils and hydroponic 
greenhouse settings (Serio et al., 2007) has been observed. However, in studies by Hartz et 
al. (1999; 2005) on field soils, yield responses with K fertigation were seen in certain 
experiments, but were inconsistent across sites (2005) and lacked significant differences 
between applied K treatment levels (1999). In addition, no yield differences were seen with 
foliar K application in either study. It is clear that applied K can influence yield, but other 
variables such as soil type, state of existing soil K phase-type equilibria, and cultivar also 
affect applied K and tomato yield interactions. 
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 Potassium has a physiological effect on important tomato quality parameters 
including fruit color (Hartz et al., 1999; Hartz et al., 2005) and soluble solids content (Hartz 
et al., 1999; Lachover, 1972). In tomato, the degradation of chlorophyll and the synthesis of 
lycopene and other carotenoids are directly correlated with the red color in mature 
ripened fruit (Arias et al., 2000). Potassium affects lycopene biosynthesis through its ability 
to increase enzyme activity, particularly in the DOXP (1-deoxy-D-xylulose 5-phosphate) 
pathway, which is involved in lycopene regulation (Trudel and Ozburn, 1970; 1971). In 
addition, K has been identified as an activator for enzymes that regulate carbohydrate 
metabolism involved in carotenoid biosynthesis, such as pyruvate kinase and 
phosphofructokinase (Fanasca et al., 2006). Not only does K have a role in these functions, 
it been observed that increased K applications result in increased lycopene and β-carotene 
production in greenhouse settings (Ramirez et al., 2009; Serio et al., 2007). 
Since K-dependent carotenoids such as lycopene are essential for tomato ripening, it 
is logical that K would play a role in ripening disorders such as yellow shoulder. Studies in 
field soils show that K is associated with yellow shoulder, but that other variables affect the 
presence of the disorder (Hartz et al., 1999; Hartz et al., 2005). Hartz et al. (2005) found 
that the application of K combined with gypsum reduced color related disorders, including 
yellow shoulder and internal white tissue, by 54% compared to varying levels of applied K 
or gypsum alone. This suggests that K is involved in these disorders, but that it is not the 
only factor in managing color related disorders.  
 It is also known that K deficiency in tomato decreases photosynthate translocation 
within the plant. This limits the ability for tomatoes to translocate photosynthetic products 
from the ‘source’ leaves, to the ‘sink’ fruits. As a result, K has the potential to affect sugar 
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and total soluble solids content in tomato fruit (Mendel and Viro, 1973). Potassium 
deficiency has been associated with decreased fruit sugars (Lacatus et al., 1994) and 
decreased soluble solids (Lachover, 1972). Such deficiencies can limit carbohydrates from 
entering the fruit, depriving carotenoid synthesis pathways described by Fanasca et al. 
(2006) of necessary inputs to function, potentially affecting ripening.  
Yield and yellow shoulder are of particular concern because it has been anecdotally 
observed that currently recommended rates of applied K may be yield limiting and that 
yellow shoulder is negatively affecting fruit quality in the Northeast (Sideman, personal 
communication). 
Organic Potassium Fertility in Tomato  
 
 Several Organic Material Review Institute (OMRI) approved K sources are available 
for growers. Mineral sources include langbenite [K2Mg2(SO4)3] (approximately 0-0-22), 
muriate of  potash (KCl) (approximately 0-0-60), and sulfate of potash (K2SO4) 
(approximately 0-0-50). Organic sources include compost, manure, seaweed, and wood ash, 
each with their own specific guidelines (OMRI, 2015). Despite variability within the 
nutrient profiles of these organic sources, high tunnel growers commonly use them as a 
major component of their fertility management strategies, particularly compost (Fitzgerald 
and Hutton, 2012; Knewston et al., 2010).  
While KCl and K2SO4 are used in organic and conventional production for precise 
nutrient management, OMRI approved products are not allowed to be processed after 
mining like they are in many conventional products. These K fertility sources are water-
soluble and require dissolution in the soil water matrix in order to be available to plant 
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roots through diffusion in the form of K+ ions (Barber, 1962; Drew and Nye, 1969). 
Potassium chloride dissolves in water more quickly and under a wider range of 
temperatures than K2SO4 , however over application can lead to Cl toxicity within the soil 
(Elam et al., 1995). As a result of potential Cl toxicity, the use of KCl is subject to stricter 
regulations than K2SO4 by OMRI (OMRI, 2015). While K2SO4 has less K per unit and 
dissolves into solution more slowly and under a narrower range of temperatures than KCl, 
and can lead to soil acidification through H2SO4 production, it is still widely used as a 
consistent and pure K source. 
Soil Testing in High Tunnels 
 
Land grant universities in the Northeastern U.S. commonly use two soil test 
methods for field soils, Mehlich-3 (M3) (UNH, Pennsylvania State University) and Modified 
Morgan (MM) (University of Massachusetts, University of Vermont, and University of 
Maine). These methods are used because they can extract nutrients from the generally 
acidic soils found in New England using acidic extractants (Wolf and Beegle, 2011). While 
these soils tests have been calibrated to predict nutrient status in New England field soils, 
calibration in high tunnel conditions has not been done for these methods. 
The saturated media extract (SME) method was developed at Michigan State 
University in the 1970’s. It is commonly used to test soluble ions in soilless medias used for 
greenhouse production (Warncke, 1998). The SME uses fresh, moist media or soil samples, 
and saturates them only in water to create a paste to be analyzed for ion content. This 
differs from common field soil tests like the M3 or MM in that no acid is used as an 
extractant when preparing pastes to be analyzed (Warncke, 1986).  
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As previously stated, high tunnel soils can have higher organic matter and soluble 
salts than field soils, and experience increased nutrient mineralization of fertility inputs. 
These characteristics cause high tunnel soils to differ from common field soils and to have 
more similarities to soilless media. Grubinger (2010) and Hoskins (2013) have proposed 
that measuring the immediately available nutrients in the soil solution using the SME, in 
conjunction with a common field soil test, may give a more accurate indication of nutrient 
availability to the high tunnel crop. We hypothesized that using both methods will increase 
our ability to predict response to supplemental nutrient application. However there is little 
published literature that addresses this question, and is one of the main areas of study 
within this thesis. 
Potassium Dynamics in Soils 
 
Potassium is found within the soil matrix in four forms: mineral K, nonexchangeable 
K, exchangeable K, and soil solution K. In mineral form, K is covalently bound within the 
crystalline structures of soil clay particles, such as feldspars. In most soils, K is found most 
abundantly in this form throughout all horizons. Mineral K is inherently inaccessible to 
plants. However through weathering and dissolution, K can become released from mineral 
structures and enter more plant available forms (Brady and Weil, 2007; Sparks, 1987). 
Nonexchangeable K is ionically bonded between tetrahedral layers of clay mineral 
particles including micas and vermiculite. Diffusion from nonexchangeable K into the plant 
available soil solution is very slow due to the strong ionic bonding, the high selectivity of K 
within these binding sites, and the physical trapping of K+ ions within layers due to the 
water-induced shrinking and swelling of clay particles.  
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If soil solution K and exchangeable K are limiting within the soil matrix, then K is 
preferentially bound within these selective and specialized nonexchangeable inter-layer 
sites compared to more generalist cation exchange sites of exchangeable K. This means that 
soils with a high mineral clay fraction and/or soils with depleted mineral/nonexchangeable 
K have a higher K buffering capacity and the potential to require different K fertility rates 
than a sandier soil and/or any soil without K saturation at specific mineral and 
nonexchangeable sites (Ninh et al., 2009). In addition, nonexchangeable K requires 
moisture for movement in and out of inter-layer bonding sites. Interlayer zones are water 
permeable and depending on the mineralogy, can swell during moist conditions (Brady and 
Weil, 2007). This causes K ions to move in or out of the structure until soil desiccation 
causes the interlayer zones to shrink and physically trap K between tetrahedral layers 
(Sparks, 1987). 
Exchangeable K is held by the negative charges of cation exchange sites on organic 
matter particles or on the planar and edge sites of clay minerals. Because of the relatively 
weak ionic bond and the lack of physical trapping or specificity on these sites, K is easily 
exchanged with other cations. As a result, exchangeable K is readily available to plants 
when plant-root diffusion or the concentration gradient established between exchangeable 
and soil solution K induces desorption, releasing K into the soil solution (Sparks, 1987). 
According to the lyotropic series regarding ion bonding strength to soil exchange sites 
(Al+3 > H+ > Ca+2 > Mg+ 2 > K+ ≥ NH4+> Na+), K cations are outcompeted on exchange sites by 
aluminum, hydrogen, calcium and magnesium (Gieseking and Jenny, 1936).  As a result, 
soils higher in any of the listed cations will have fewer exchange sites available for K and 
thus lower exchangeable K capacity. While both organic matter and clay particles have 
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binding sites for exchangeable K, a study by Hinh et al. (2009) observed that organic matter 
content had little effect on K availability within the soil and that clay minerals are 
responsible for most exchangeable K. 
In the soil solution, K exists in its ionic form, K+. In this form, K is readily available to 
plants to be taken up through the process of diffusion into roots and is subject to leaching 
(Sparks, 1987). Soil solution K is found in relatively low amounts compared to other forms 
of soil K. This is because soil solution K is dependent on the equilibria between other forms 
of soil K. The soil solution has no selectivity for K, therefore K will bind to available 
nonexchangeable or mineral binding sites before entering soil solution. Soil solution K is 
dependent on water saturation of mineral interlayers and soil pores. Water is required for 
K to separate from binding sites and for movement through the soil matrix as a water-
soluble K+ ion. Soil solution K is also dependent on a specific temperature range (Sparks 
and Huang, 1985). Studies by Schaff and Skogley (1982) found that K dissolution into a silt 
loam soil significantly increased when exposed to temperatures of 30 C compared to 5 C. 
Last, soil solution K is dependent on the surrounding cation/ion content of the soil solution 
due to the lyotropic series of ion bonding strength described in the previous paragraph 
(Gieseking and Jenny, 1936). See figure 1.1 for a visual depiction of soil K dynamics. 
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Figure 1.1: Soil potassium dynamics. 
Understanding plant available K relies on quantifying K at all phase-type levels, 
which common field soil tests or the SME test are often inadequate at doing so alone (Davis 
et al., 1996). As a result, the quantity/intensity method was proposed by Beckett (1964) to 
more holistically assess soil K. The quantity/intensity (Q/I) method involves assessing the 
total buffering capacity of K within a soil by measuring soil K in mineral, nonexchangeable, 
and exchangeable forms (quantity); and measuring the immediately labile K in the soil 
solution (Beckett, 1964). Quantity/Intensity potentially provides a more accurate 
interpretation of immediate and long-term plant available K compared to field soil tests, 
but the difficulties in methodology and cost limit the ability to include Q/I with commercial 
soil testing (Davis et al., 1996). 
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 With increased demand for locally produced food and the rise of small, diversified 
fruit and vegetable producers in our region, high tunnels are becoming a fixture in our food 
system. The goal of this thesis is to provide research in two areas where high tunnel use 
may be most relevant, the winter production of spinach and summer production of tomato. 
This research aims to provide information to fill in gaps of practical knowledge, with the 
anticipation that it will create a framework for future high tunnel-related scientific 
research, as well as improve regional high tunnel production practices and promote their 
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Chapter 2: Comparing cultivar and Planting Dates of Winter Grown 
Spinach (Spinacia oleracea) in High Tunnels in New Hampshire. 
Introduction  
 
As first described by Wells and Loy in 1993, high tunnels are portable, plastic-
covered greenhouse like structures that lack permanent powered heating or ventilation 
used for growing crops. Because of their ability to moderate environmental conditions such 
as temperature, they are commonly used for extending the growing season (Borrelli et al., 
2011; Hunter et al., 2012; Martin and Sideman, 2012). 
 High tunnels can allow a grower to produce cold-hardy crops, such as spinach or 
lettuce (Borrelli et al., 2011; Coleman, 1989; Coleman, 1992; Coleman, 2009; Knewtson, 
2008; Lamont, 2009; Wallace et al., 2012) and winter-sprouting broccoli (Martin and 
Sideman, 2012) throughout the fall, spring and winter. Spinach is the focus of this study 
because it is one of the only vegetables that will continue to grow throughout the winter, 
providing multiple harvests throughout the winter season (Hunter et al., 2012).   
Some regional growers already use season extension practices to grow spinach. 
However, important factors such as how planting dates and varietal selection affect 
seasonal and cumulative yield patterns have not been researched in the Northeast. This 
research aims to address this knowledge gap by tracking seasonal and cumulative yields 
from six different planting dates from three commercially available cultivars. The goals of 
this research were to provide regional growers with yield curves, illustrating how planting 
date and cultivar affect key factors such as days to harvest, length of harvest period, 
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seasonal yield patterns, and cumulative yield. We hypothesized that with later fall planting 
dates, days to harvest will increase, and the cumulative season long yield, and total number 
of harvests will decrease with no difference between cultivars.  
Methods 
High Tunnel Structure and Site Preparation 
 
This study was conducted at the New Hampshire Agricultural Experimental 
Station’s Woodman Research Farm in Durham, New Hampshire NH. The site is classified as 
USDA hardiness zone 5B and experiences relatively high wind. 
2013–14 
 
In 2013–14, experiments were conducted in a moveable Rolling Thunder high 
tunnel (Rimol Greenhouse Systems, Inc., Hooksett, NH) that was 14.6 m (48 ft) long by 9.1 
m (30 ft) wide. The gothic-style steel frame was covered with an inflated double layer of 6 
mil, 4-year UV treated polyethylene and had polycarbonate endwalls with a sliding door on 
the southern endwall. Automated roll-up sides and gable vents were set to keep the 
interior temperature below 21.1°C (70°F).  
 The soil within the high tunnel was originally Charleston Fine Sandy Loam, but had 
recently been amended with off-farm topsoil and composted manure from the New 
Hampshire Agricultural Experiment Station’s Kingman Research Farm in Madbury, NH and 
had 8% organic matter. Prior to tillage with a chisel plow, 487 kg/ha (435 lbs./ac) of 5-3-4 
fertilizer (North Country Organics, Bradford, VT) was broadcasted as recommended 
following a Mehlich-3 soil test, whose values are based on the recommendations for 
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commercial vegetable production provided by the New England Vegetable Management 
Guide (Howell and Hazzard, 2013a). 
Four raised beds were hand-made with a shovel and were 1.2 m (4 ft) wide by 14.0 
m (46 ft) long. Each bed was divided into 19 plots that were 1.2 m (4 ft) wide by 0.6 m (25 
in) long. One plot made up one experimental unit, and was transplanted with 25 spinach 
plants spaced 12.7 cm (5 in) within rows and 20.3 cm (8 in) between rows. A full factorial 
of three cultivars and six planting dates were established in a randomized complete block 
design with four blocks, where each bed represented a block. An additional repetition of 
the first planting date of one cultivar, ‘Space’, per block was included for an unrelated 
experiment and was excluded from data collection and analysis. 
2014–15 
 
In 2014–15, experiments were conducted in a stationary high tunnel (Ledgewood 
Farms, Moultonborough, NH) and was 18.3 m (60 ft) long and 9.1 m (30 ft) wide. The 
gothic-style steel frame was covered with a single layer of 6 mil, 4-year UV treated 
polyethylene and had polycarbonate endwalls with a swinging door on the southern 
endwall. The tunnel had roll-up sides that were permanently lowered on 19 Oct. 2014 and 
gable vents were set to keep the interior temperature below 21.1 C° (70 F°). 
 The Charleston Fine Sandy Loam soil had 4% organic matter and was not amended 
due to soil test results not indicating a need for additional fertility. All bed and plot 
preparation and plant spacing was identical to the previous year with the exception that 
raised beds were 18.3 m (60 ft) long and contained 23 plots. Three cultivars at six planting 
dates were established in a randomized complete block design with four blocks, where 
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each bed represented a block. An additional five cultivars at one planting date were 
dispersed within the same randomized complete block design as a part of a separate 
experiment described in Chapter 3. 
Experimental Dates and Crop Cultivars 
 
 In both years, spinach cultivars ‘Space’ and ‘Tyee’ (Johnny’s Selected Seeds, 
Waterville, ME) and ‘Regiment’ (High Mowing Organic Seeds, Wolcott, VT) were used. 
These cultivars are all commonly grown in winter, and represent different leaf texture 
types, smooth-leaf (‘Space’), savoy-leaf (‘Tyee’) and semi savoy-leaf (‘Regiment’) with 
resistance to different races of downy mildew. 
 Each cultivar was seeded in 192 flats (Plantel Nurseries, Inc., Santa Monica, CA) at 
approximately ten-day intervals over 6 seeding dates. In 2013-14, seeding dates were 16 
Sep., 26 Sep., 6 Oct., 16 Oct., 26 Oct. and 5 Nov. 2013. In 2014-15, seeding dates were 29 
Aug., 8 Sep., 18 Sep., 29 Sep., 9 Oct. and 19 Oct. 2014. Planting dates from both years were 
letter coded to aid graphical representation and analysis (Table 2.1). Planting dates were 
shifted approximately two weeks earlier in the season in 2014-15 to assess whether earlier 
planting dates would allow a more substantial fall harvest. 
Table 2.1: Letter coding for seeding dates in 2013-14 and 2014-15. 







16 Sep. 18 Sep. C 
26 Sep. 29 Sep. D 
6 Oct. 9 Oct. E 
16 Oct. 19 Oct. F 
26 Oct. Not Seeded G 
5 Nov. Not Seeded H 
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 In 2013–14, spinach was seeded in Living Acres Light Mix (Living Acres, New 
Sharon, ME), a compost, peat, and perlite based mix. In 2014–15, spinach was seeded in 
Pro-Mix BX media (Premier Tech Horticulture, Quakertown, PA.), a commercial soilless 
media. In both years, seedlings were kept in a heated greenhouse until transplanted in-
ground within the high tunnel approximately three weeks after seeding. Once transplanted, 
plants were watered overhead by hand when needed.  
On 10 Oct. 2013 and on 6 Nov. 2014, Agribon+ AG-19, 0.55 oz./sq. yd. row cover 
(Polymer Group, Inc., San Luis Potosi, Mexico) was placed approximately 1 m (40 in) above 
the soil on galvanized wire (2013) or nylon rope (2014) supports for added temperature 
protection for the remainder of the study. 
Data Collection 
 
 In 2013–14, leaves of each cultivar were harvested whenever approximately 50% of 
all leaves per plot reached marketable size, which was defined as approximately 10–15 cm 
(3.9–5.9 in) from the petiole base to leaf apex. In 2014–15, all leaves of each cultivar that 
had reached marketable size were harvested every two weeks from 30 Oct. 2014 to 15 Apr. 







    
    
24
Table 2.2: Harvest dates of spinach in 2013-14 and 2014-15. 
Year Harvest date Year Harvest date 
2013 6 Nov. 2014 30 Oct. 
2013 13 Nov. 2014 13 Nov. 
2013 20 Nov.  2014 26 Nov. 
2013 26 Nov. 2014 11 Dec. 
2013 4 Dec. 2015 8 Jan. 
2013 26 Dec. 2015 22 Jan. 
2014 14 Jan. 2015 5 Feb. 
2014 31 Jan. 2015 5 Mar. 
2014 20 Feb. 2015 19 Mar. 
2014 6 Mar. 2015 2 Apr. 
2014 20 Mar. 2015 15 Apr. 
2014 3 Apr.                          
 
Outer leaves were harvested before inner leaves and no more than two-thirds of a 
plant was harvested at once to promote regrowth. Yield data were recorded by measuring 
the fresh weight of harvested leaves per plot every harvest date. In both years, the data 
collection began when the first leaves reached marketable size and finished the last harvest 
before bolting was observed on 2 Apr. 2014 and 15 Apr. 2015. In both years, bolting was 
observed within all planting dates at approximately the same time. 
Temperature Measurements 
 
 Air and soil temperature data were recorded every 30 minutes by Hobo Data 
Loggers within the high tunnels and every two hours outside near the high tunnels (Onset 
Computer Corporation, Bourne, MA). There were four (2013–14) and three (2014–15) in-
tunnel, and two (both years) outdoor air temperature probes isolated in solar shields 
approximately 31 cm (12 in) above ground. In each year, data from one in-tunnel probe 
were removed, as frequent outliers not seen in the other probes existed as a result of 
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potential equipment error. In both years, five in-tunnel and one outdoor soil temperature 
probes were buried 5 cm (2 in) beneath the soil surface. In 2013-14, data from one probe 
were removed, as frequent outliers existed in the data as a result of potential equipment 
error. Whenever there were multiple temperature data loggers for a single site, the average 
of these data was used to represent air or soil temperatures.  
Photoperiod 
 
 Photoperiod was not measured on site. Photoperiod data was accessed from the 
United States Naval Observatory Astronomical Applications Department public access 
webpage found at www.aa.usno.navy.mil. 
Analysis 
 
All statistical analyses were conducted using JMP Pro 12 (SAS Institute, Inc., Cary, 
NC).  To assess varietal and planting date effects on cumulative yield (total combined yield 
of all harvest dates at the end of each experimental year per cultivar), an analysis of 
variance (ANOVA) model was constructed including planting date, cultivar, and planting 
date* cultivar as fixed effects, block as a random effect, and mean cumulative yield as the 
response variable. Because planting dates were not uniform and the experimental site was 
different between years, data from each year were analyzed separately. Means were 
compared using Tukey’s honestly significant difference test (p ≤ 0.05).  The standard error 
of monthly cumulative yield (total yield from all harvest dates per month by cultivar) 
means per planting date was compared within each harvest month. The standard deviation 
and standard error of days to harvest and duration of harvest means (cultivar combined) 
were compared between planting dates. 
    







 In 2013-14, cultivar had no effect on mean cumulative yield. However in 2014-15, 
cultivar had a significant effect on cumulative yield. ‘Space’ had a significantly higher 
cumulative yield than ‘Tyee’ (Table 2.3). 
Planting Date 
 
In 2013-14, cumulative yields decreased with progressively later planting dates. The 
earliest planting date of 16 Sep. produced a mean cumulative yield of 1273 g/m2 and the 
latest planting date of 5 Nov. produced a mean cumulative yield of only 399 g/m2. The 
mean cumulative yield of planting date 16 Sep. 2013 was significantly higher than all other 
planting dates. The mean cumulative yield of planting date of 26 Sep. was higher than 
yields from planting dates from 16 Oct. to 5 Nov.  The mean cumulative yield of planting 
date of 6 Oct. and 16 Oct. were higher than 26 Oct. and 5 Nov (Table 2.3). 
In 2014-15, cumulative yields decreased with progressively later planting dates 
with the exception of the 18 Sep. planting date, which was not significantly different than 
the yield of the 8 Sep. planting date. The earliest planting date of 26 Aug. produced 2845 
g/m2 and the latest planting date of 19 Oct. produced only 1141 g/m2. The mean 
cumulative yield of planting date 26 Aug. was significantly higher than all other planting 
dates except 18 Sep. The mean cumulative yield of planting date of 8 Sep. and 18 Sep. were 
higher than from 29 Sep. to 19 Oct. The mean cumulative yield of planting date of 29 Sep. 
was higher than 19 Oct (Table 2.3). Because the interaction between cultivar and plant date 
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was not significant, figures illustrating yield patterns will only be shown for ‘Space’ as it 
potentially offers the most commercial interest. Monthly yield patterns can be seen for 
‘Space’ in Figure 2.1 and cumulative yield patterns can be seen in Figure 2.2. 
Table 2.3: ANOVA summary of cumulative yield of winter grown spinach by cultivar and 
planting date in 2013-14 and 2014-15. 
Source of Variation Cumulative yield (g/m2) 
2013-14 2014-15 
Cultivar     
  ‘Regiment’ 711 1964 abz 
  ‘Space’ 755 2002 a 
  ‘Tyee’ 682 1795 b 
Planting date 
  29 Aug.           -y   2845 a 
  8 Sep.         -  2190 b 
  16-18 Sep.  1273 a 2437 ab 
  26-29 Sep.  1007 ab 1601 c 
  6-9 Oct.  793 bc 1309 cd 
  16-19 Oct.  425 c 1141 d 
  26 Oct.  399 c        - 
  5 Nov.  399 c        -  
ANOVA 
  Cultivar NSx 0.0418 
  Planting Date <0.0001 <0.0001 
  Cultivar x Planting Date NS NS 
z Means within a column followed by the same letter are not significantly different at P ≤ 
0.05. 
y Treatment not performed.  
x Treatment effects are not significant. 
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 In both years, all mean cumulative yields for planting dates prior to 26 Sep.  
were significantly different than all mean cumulative yields for planting dates after 26 Sep 
(Figure 2.1). From this, two distinct groups can be observed in terms of mean cumulative 
yields, where planting dates before 26 Sep. had higher mean cumulative yields than 
planting dates after 26 Sep. 
 
Figure 2.1: Cumulative yields per month for spinach ‘Space’ throughout the 2014-15 season. 
Error bars denote standard error that was calculated for all planting date yield means 
within each month. One harvest occurred in Oct., Dec., and Feb., and two harvests occurred 
in Nov., Jan., Mar., and Apr. Harvests ceased on 15 Apr. due to the initiation of bolting in 























29 Aug. 8 Sep. 18 Sep. 29 Sep. 9 Oct. 19 Oct.
    
    
29
 
Figure 2.2: Cumulative yields per harvest date for spinach ‘Space’ throughout from the first 
planting date (29 Aug.) until the final harvest date (15 Apr.) in 2014-15. To obtain 
cumulative yield data per planting date, all previous planting date yields were totaled and 
added to the yield of the current planting date. 
Cultivar x Planting Date 
 
 In 2013-14 and 2014-15, there was no significant interaction between cultivars by 
planting date.  
 
Days to Harvest 
 
In 2013-14, the days to harvest increased with progressively later planting dates 
until the 16 Oct. planting date, which had an increase in days to harvest over the 26 Oct. 
planting date and the 5 Nov. planting date. The earliest planting date of 16 Sept. only 
required 61 days to harvest and the latest planting date of 5 Nov. required 135 days to 
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Table 2.4: Dynamics of spinach harvests in response to various plant dates in 2013-14 and 
2014-15. 
Plant Date 
First   
Harvest 








16 Sep. 13 6 Nov. 13 61 148 ±0 0 
26 Sep. 13 4 Dec. 13 69 93 ±24 7 
6 Oct. 13 14 Jan. 14 104 51 ±16 5 
16 Oct. 13 6 Mar. 14 141 55 ±27 8 
26 Oct. 13 6 Mar. 14 131 55 ±29 8 
5 Nov. 13 20 Mar. 14 135 16 ±11 3 
29 Aug. 14 30 Oct. 14 62 165 ±1 0 
8 Sep. 14 13 Nov. 14 66 153 ±0 0 
18 Sep. 14 26 Nov. 14 69 140 ±0 0 
29 Sep. 14 8 Jan. 15 102 95 ±5 1 
9 Oct. 14 5 Feb. 15 131 56 ±18 5 
19 Oct. 14 5 Mar. 15 150 34 ±6 2 
z Harvest patterns were identical for all cultivars for each experimental year. 
y Last harvest for all planting dates was 3 Apr. 2014 and 15 Apr. 2015. 
 
In 2014-15, the days to harvest increased with progressively later planting dates. 
The earliest planting date of 26 Aug. only required 62 days to harvest and the latest 
planting date of 19 Oct. required 137 days to harvest (Table 2.4). 
Duration of Harvests 
 
In 2013-14, the total duration of harvest decreased with progressively later planting 
dates, except for the 16 Oct. planting date and the 26 Oct. planting date which both had 56-
day harvest durations. The earliest planting date of 16 Sept. had a 148-day harvest 
duration and the latest planting date of 5 Nov. had a 14-day harvest duration (Table 2.4).   
Similarly in 2014-15, the total duration of harvest decreased with progressively 
later planting dates. The earliest planting date of 26 Aug. had a167-day harvest duration 
and the latest planting date of 19 Oct. had a 41-day harvest duration (Table 2.4). The data 
collection finished on 2 Apr. 2014 and 15 Apr. 2015. No additional harvests were 
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completed after these date because in both years, bolting was observed simultaneously 
among all planting dates before another harvest could be completed. Days to harvest and 
duration of harvest patterns can be seen in figures 2.3-4. 
 
Figure 1.3: Days to first harvest from planting date, duration from first to last harvest, and 
mean cumulative yield per planting date for spinach ‘Space’ in 2013-14. Error bars denote 
standard error that was calculated for days to first harvest, duration of harvest, and 
cumulative yield per planting date. Number of days for the days to first harvest and 
duration of harvest data were measured from the number of days from each individual 



















































Days to First Harvest Duration of Harvest Cumulative Yield
16 Sep.             26 Sep.            6 Oct. 16 Oct.            26 Oct.          5 Nov.
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Figure 2.4: Days to first harvest from planting date, duration from first to last harvest, and 
mean cumulative yield per planting date for spinach ‘Space’ in 2014-15. Error bars denote 
standard error that was calculated for days to first harvest, duration of harvest, and 
cumulative yield per planting date. Number of days for the days to first harvest and 
duration of harvest data were measured from the number of days from each individual 
planting date within each treatment group. 
Temperature 
 
 In both years, indoor soil and air temperatures were warmer than outdoor soil and 
air temperatures. In both years, indoor mean soil temperature never fell below freezing, 
and indoor mean air temperature only fell below freezing in February of 2015, despite 



















































Days to First Harvest Duration of Harvest Cumulative Yield
29 Aug.         8 Sep. 18 Sep.        29 Sep.          9 Oct.         19 Oct.            
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Table 2.5: Average tunnel and outdoor temperature (C°) data summary from 18 Oct. 2013 
to 10 Apr. 2014 and 13 Nov. 2014 to 14 Apr. 2015. 
 2013-14  2014-15 
Indoor   Outdoor   Indoor    Outdoor  
Month Soil  Air  Soil Air     Soil Air  Soil       Air 
November 7.2 6.1  3.9 3.3  7.2 6.4  0.4 -1.7 
December 3.9 1.1  0.0 -3.3  6.4 4.9  0.9 0.3 
January 2.2 0.0  -0.6 -6.2  1.3 0.6  -3.5 -5.9 
February 3.3 1.1  -0.6 -5.0  0.4 -2.1  -1.9 -3.6 
March  5.6 3.3  -0.6 -2.8  6.0 5.6  -1.0 -2.2 
April 10.0 8.3  5.6 4.4  10.1 9.7  2.4 3.2 
 
 Throughout both years of the experiment, the coldest period recorded by our 
temperature probes was between 5 and 6 Jan. 2014. The outdoor temperature reached  
-25°C, however the indoor air temperature rose above freezing during the day and the soil 
never fell below freezing (Figure 2.5). 
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Figure 2.5: Temperature profile in-tunnel and outdoors during coldest three-day period  (5 
Jan. 2014 to 7 Jan. 2014) of the two experimental years. Air temperature was taken 
approximately 31 cm above ground level and soil temperature was taken approximately 5  
cm below the ground. Indoor temperatures were taken within the tunnel under a single 
layer of row cover suspended approximately 1 m above the ground. Temperature data 


























































































































Indoor Air Indoor Soil Outdoor Air Outdoor Soil
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 Earlier planting dates experienced increased photoperiods than later days. Only the 
first planting date in 2013-14 and the first three planting dates in 2014-15 experienced 
five-six weeks of photoperiods above 10 hours as recommended by the Johnny’s Selected 
Seeds Winter Growing Guide. From 8 Nov. to 2 Feb. photoperiods were below the 
recommended 10 hours for optimal production (Johnny’s Selected Seeds, 2015). 
Discussion 
 
The original hypothesis that with later fall planting dates, days to harvest will 
increase, and the cumulative season long yield and total number of harvests will decrease 
with no difference between cultivars, was generally supported by the data with the 
exception of minor deviations. 
 There were exceptions to the overall trend. In 2013-14, the earliest planting date 
took longer to reach harvest maturity than two later plant dates. In 2014-15, the earliest 
plant date yielded significantly higher than the second planting date, but not the third 
planting date. Because spinach germination progressively declines when exposed to 
temperatures above 20 C (Katzman et al., 2001) and growth declines above 24 C (Drost, 
2010), the first two planting dates may have been set back in growth by high temperatures 
in late August and early September. 
 The data showed the general trend that earlier planting dates provide a larger 
season-long cumulative yield than later plant dates with no difference between cultivars. 
While it useful for growers to understand this information, recommending that growers 
plant winter spinach as early as possible in the season is not always desirable as warm 
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season high tunnel crops, like tomato, are still in production. As a result, growers are 
generally interested in how late in the season they can plant their winter spinach crop 
while still meeting critical winter market demands, without potentially compromising the 
end of season yield of warm season crops. 
  If a grower’s goal is to obtain a harvest for key market opportunities such as 
Thanksgiving or Christmas, spinach needs to be planted before 18 Sep. Our conclusions are 
supported by the Johnny’s Seeds’ Winter Growing Guide who states that spinach must be 
planted five to six weeks before the last 10-hour day (Johnny’s Selected Seeds, 2015), 
which is September 23rd in Durham, NH. This conclusion is also supported by Coleman 
(2009), who recommends planting spinach by mid-September for a harvest season from 
Thanksgiving until late March, when bolting generally occurs. 
The data from 2014-15 show that all planting dates were harvested for the first time 
in March. While earlier planting dates had higher yields than later planting dates in March 
and April, a grower still can expect to harvest spinach for spring markets from planting 
dates as late as 19 Oct. However, the literature suggests planting dates as late as 17 Nov. 
can provide similar yield patterns in the same hardiness zone (5b) (Knewston, 2008). Data 
from 2013-14 was not considered here because the inconsistent harvesting patterns were 
inadequate at assessing this conclusion. 
It should be noted that in 2013-14, only the first two planting dates were seeded at 
or before the recommended time by Johnny’s Selected Seeds (2015) and Coleman (2009), 
where in 2014-15, the first four were seeded at or before this time, which was six weeks 
before the last day with a 10-hour photoperiod (10-Nov. in Durham, NH). In addition, 
exposure to longer photoperiods is critical for spinach establishment in the fall (Borrelli et 
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al., 2013). This likely contributed to cumulative mean yields from all except the final 
planting date in the 2014-15 season being higher than from all planting dates in the 2013-
14 season. However for comparable dates, yields were still higher in 2014-15, potentially 
due to the harvest season continuing further into the spring for 2014-15 where yields were 
highest. Changes in experimental sites between years could also account for yield 
variability. 
From these data, a critical period for optimal spinach production can be seen. If a 
grower is not tied to a specific market date, but to produce the highest cumulative yields, 
reach the first harvest in the shortest amount of time, and have the longest possible harvest 
season, spinach should be seeded as early as possible, but no later than the two-week 
period between 18 Sep. and 6 Oct. In addition, our conclusions supported Knewston (2008), 
who stated that this applies to planting dates up to 25 Oct. in Kansas, which like Durham, 
NH, is classified by the USDA as plant hardiness zone 5b. However, the study site for 
Knewston (2008) receives greater than 10-hour photoperiods approximately 10 days 
longer than Durham, NH in November, emphasizing how photoperiod in addition to 
temperature can influence high tunnel spinach growth. 
 While earlier planting dates yielded larger cumulative harvests, the relationships 
between planting date and days to harvest/duration of harvest was not as linear. However 
when splitting the planting dates into two groups, pre- and post-26 Sep., more insight can 
be gained. Within the pre-26 Sep. planting date group, the timing of planting did not largely 
affect days to harvest or duration of harvest. However, when comparing the harvest 
patterns between the pre- and post-26 Sep. group, planting dates pre-26 Sep. exhibited 
largely decreased days to harvest and increased duration of harvest. This corresponded 
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with the findings of Borrelli et al. (2013) for winter grown high tunnel spinach in the 
Northwest. This data further supports the conclusions made by Johnny’s Selected Seeds 
(2015) and Coleman (2009) that high tunnel spinach should be planted by mid September.  
While in 2014-15, ‘Space’ produced a significantly higher cumulative yield than 
‘Tyee’, there was no difference in 2013-14. This indicates that varietal selection may be an 
important factor in maximizing yield, but strong varietal recommendations cannot be made 
until more research has been conducted. We recommend further cultivar trials be done 
with a wider range of commercially offered cultivars and that growers utilize and evaluate 
multiple cultivars in their plantings, until stronger conclusions for varietal 
recommendation can be made.  
Both years exhibited similar seasonal yield patterns. Yields were lower in the fall 
(Oct.-Nov.) and winter months (Dec. – Feb.) than they were in early spring months (Mar.-
Apr.), a pattern that was supported by the literature (Borrelli et al., 2013). In all cultivars, 
the lowest yields were seen in February. In March, yields greatly increased and all six 
planting dates were simultaneously harvested for the first time each season. Monthly yields 
peaked in late spring (March in 2013-14 and April 2014-15) depending on when bolting 
occurred. From this information, growers can expect their largest harvests to be in March 
or April immediately prior to bolting, and their smallest harvests in February, regardless of 
planting date or cultivar. 
 This research is beginning to illustrate the best production practices for high tunnel 
grown winter spinach in the Northeast. Ample justification exists to continue this research 
due to the popularity of high tunnels (Carey et al., 2009) and the increasing demand for 
year-round local produce (Conner et al., 2009). Further research with a wider range of 
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cultivars should be undertaken to increase our understanding of the effect of cultivar on 
yield. Knewston (2008) reported a wider range of appropriate planting dates than seen in 
our experiment, there is a potential for even later planting dates to be commercially viable 
for spring markets, and further research of this variable should be explored. In addition, 
the optimizing of planting density has not yet been studied and as this variable is well 
understood for other commercial vegetables, this is a logical recommended direction for 
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Chapter 3: Comparing Brix° Values of Spinach (Spinacia oleracea) 




 Spinach goes through physiological changes resulting in increased sweetness as air 
temperature decrease in the winter season (Proiletti et al., 2009) or in controlled 
environments for periods of at least three (Tamura, 2009) to ten (Guy et al., 1992) days. 
This response includes the production of cold acclimation proteins and heat shock proteins, 
antioxidants limiting photoinhibition, and increased sugars, most specifically sucrose (Guy 
et al., 1992). In Guy et al. (1992), spinach grown in temperatures of 5° C showed a 10-20% 
increase of glucose, sucrose, and fructose compared to levels measured in spinach grown at 
25° C. Tamura (2004) also found that maintaining a 5° C air temperature for three to ten 
days prior to harvesting greatly increased spinach Brix°, which measures soluble solids, 
such as sucrose, in spinach sap.   
 This increase in Brix° levels in spinach is hypothesized to be an adaptation for freeze 
tolerance and is strongly correlated with minimum air temperature in controlled settings 
(Tamura, 2004). While this physiological response to environmental stress improves 
survival of leafy greens under harsh conditions, it also leads to increases in phytochemicals 
and antioxidants, which greatly benefits human diets (Oh et al., 2009). Improvements in 
taste and nutritional content could greatly benefit the marketability of winter spinach in 
the Northeast.  
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Increased sweetness has been anecdotally reported in high tunnel winter spinach 
grown in the Northeast. However, no published literature exists regarding how cultivar or 
seasonal soil and air temperatures affect Brix° levels in winter-grown spinach in unheated 
high tunnel conditions. 
This experiment was the first season of a two-year experiment studying how 
culitvar and soil/air temperatures affect Brix° levels in spinach throughout the season. This 
information will be vital to regional growers so that they can know what Brix° levels to 
expect from a certain cultivar, and gain an increased ability to plan crop marketability 
based on temperature. We hypothesized that there would be a negative correlation 
between soil/air temperature and the overall Brix° levels within fresh harvested spinach 
leaves, and that there would be significant differences in Brix° levels between cultivar.  
Methods 
High Tunnel Site and Preparation 
 
 All high tunnel structure and site preparation methods were identical to methods 
described in Chapter 2 for the 2014–15 experiments.  A full factorial of eight cultivars were 
established at one planting date in a randomized complete block design with four blocks, 
where each bed represented a block. An additional three cultivars and six planting dates 
were dispersed within the same randomized complete block design as part of a separate 
experiment described in Chapter 2. 
Trial Dates and Crop Cultivars 
 
In 2014-15, eight spinach cultivars were selected among those widely grown in the 
winter by commercial growers in the region: ‘Space’, ‘Tyee’, ‘Renegade’, ‘Carmel’, ‘Gazelle’, 
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and ‘Emperor’ (Johnny’s Selected Seeds, Waterville, ME), and ‘Corvair’ and ‘Regiment’ (High 
Mowing Organic Seeds, Wolcott, VT).   
Each cultivar was seeded on 18 Sep. 2014 and was grown, transplanted, and 
cultured throughout the experiment as described in the 2014–15 experimental year of 
Chapter 2. 
Yield and Brix° 
 
 Yield data were collected using the methodology described in the 2014–15 
experimental year of Chapter 2. Brix° data were collected by randomly selecting ten 
harvested leaves from each plot per harvest date from all four plots of each cultivar. 
Samples were stored in plastic bags by plot and immediately frozen for analysis at a later 
date. From each sample, pairs of two leaves were randomly selected for Brix° analysis. 
Pairs were analyzed together to ensure adequate sap could be extracted for analysis. Prior 
to analysis, samples were removed from the freezer and allowed to thaw to room 
temperature to rupture cells for easier plant sap extraction (protocol adapted from 
Martinez et al. (2013)). Sap was extracted with a manually operated hydraulic press. 
Approximately one ml of sap was placed on the lens of a Milwaukee MR32ATC Sugar 
Refractometer (Milwaukee Instruments, Inc., Rocky Mount, NC) and the brix content was 
measured. This process was repeated five times per plot sample, resulting in a total of 20 
samples per cultivar and 160 samples per sampling date.  
Temperature Measurements 
 
 Temperature data were collected as described in the 2014–15 experimental year of 
Chapter 2. 
    




2015-16 Experimental Year 
 All methods were repeated in the 2015-16 year of the experiment, which was not 
included in this thesis due to timing constraint. 
Analysis 
 
 To determine seasonal and varietal differences in Brix° levels throughout the season, 
an ANOVA model was constructed with Brix° as the response variable and cultivar, harvest 
date, cultivar x harvest date as fixed effects, and block as a random effect. Tukey’s HSD test 
(P ≤ 0.05) was used to compare means for cultivars and harvest dates.  
To determine the effect of soil/air temperature on Brix° levels, the cultivar means 
were paired with the mean of all soil and air temperature data points from the preceding 
two week sampling period. Bivariate correlation models were constructed with mean Brix° 
level by cultivar per sampling date and corresponding 14-day mean soil/air temperature as 
variables and the correlation probability (p ≤ 0.05) of the r-value was assessed.  
Results 
 
Cultivar and harvest date had a significant effect on Brix° level throughout the 
growing season. The season-long mean Brix° of ‘Gazelle’ was significantly higher than that 
of ‘Carmel’ and ‘Tyee’. In addition, the mean brix per harvest period on 22 Jan. and 19 Feb. 
was significantly higher than on 26 Nov., 26 Dec. 2014, 5 and 19 Mar., and 2 and 15 Apr. 
2015. The interaction between cultivar and harvest date was not significant  (Table 3.1). 
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Table 3.1: ANOVA summary and mean comparisons of cultivar and harvest date effects on 
Brix° levels in 2014-15. 
Source of variation    Mean brix° levels 
Cultivar   
  ‘Carmel’ 8.3z b 
  ‘Corvair’ 9.5 ab 
  ‘Emperor’ 8.9 ab 
  ‘Gazelle’ 11.1 a 
  ‘Regiment’ 9.8 ab 
  ‘Renegade’ 9.0 ab 
  ‘Space’ 8.8 ab 
  ‘Tyee’ 7.9 b 
Harvest date 
  26 Nov. 5.9y e 
  26 Dec. 8.1  cd 
  8 Jan. 10.5 ab 
  22 Jan. 11.6 a 
  5 Feb. 9.9 ab 
  19 Feb. 11.7 a 
  5 Mar. 9.6 
bc
d 
  19 Mar. 7.9 d 
  2 Apr. 7.9 d 
  15 Apr. 8.0 d 
ANOVA p-values 
  Cultivar 0.0152 
  Harvest date 0.0001 
  Cultivar x Harvest date NSz   
z Indicates mean brix levels across all sampling dates per cultivar. 
y Indicates mean brix levels per sampling date from all combined cultivars. 
x Means within a column followed by the same letter are not significantly different at P ≤ 
0.05. 
w NS indicates not significant. 
 
Significant negative correlations were seen between soil and air temperature and 
overall Brix° values of spinach leaves across all cultivars to 3, 7, and 14 day means (Table 
3.2). The range of r-values from the correlations between soil temperature and Brix° were 
0.46 (Tyee 3 and 7 day mean) to 0.89 (Regiment 17 day mean). The range of r-values from 
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the correlations between air temperature and Brix° were 0.46 (Tyee 3 and7 day mean) to 
0.89 (Regiment 14 day mean). In general, Brix° values correlated more strongly with air 
temperatures than soil temperatures. While correlation r values were generally highest in 
with 14 day means, p-values from the probability of correlation were lowest (p<.0001) in 
all correlations with three and seven day means (Table 3.2) 
Table 3.2: Correlations between mean Brix° values and mean soil and air temperature 
values by cultivar from 13 Nov. 2014 to 15 Apr. 2015. 
 
 
Correlation between brixz and soil 
temperature (r-value)  
 Correlation between brix and 
air temperature (r-value)  
Cultivar 3 day
y 7 day 14 day  3 day 7 day 14 day 
‘Carmel’ -0.55*** x -0.65*** -0.70**  -0.60*** -0.66*** -0.75** 
‘Corvair’ -0.67**** -0.79*** -0.80**  -0.74*** -0.80*** -0.83** 
‘Emperor’ -0.61**** -0.75*** -0.74**  -0.68*** -0.77*** -0.78** 
‘Gazelle’ -0.81**** -0.85*** -0.84**  -0.83*** -0.85*** -0.83** 
‘Regiment’ -0.53**** -0.66*** -0.86**  -0.61*** -0.69*** -0.89** 
‘Renegade’ -0.64**** -0.75*** -0.76**  -0.70*** -0.77*** -0.82** 
‘Space’ -0.44**** -0.60*** -0.62**  -0.53*** -0.64*** -0.65** 
‘Tyee’ -0.44**** -0.46*** -0.60**  -0.46*** -0.46*** -0.62** 
z 20 brix samples were obtained using a handheld analog refractometer per cultivar per bi-
weekly sampling date and the mean was used for correlations models. 
y Mean temperature data were taken every 30 minutes using a Onset Temperature Data 
logger from 24 Oct. 2014 to 15 Apr. 2015. ‘3 day’ indicates mean temperature from three 
days prior to a harvest; ‘7 day’ indicates mean temperature from seven days prior to a 
harvest; ‘14 day’ indicates mean temperature from 14 days prior to a harvest and used with 
mean brix in correlation models. 
x * Indicates p-value <0.05, ** indicates p-value <0.01, *** indicates p-value <0.0001. 
 
As mean soil and air temperature decreased from the beginning of the experiment 
until 8 Jan. 2015, Brix° values increased in all cultivars. However, between 8 Jan. and 22 Jan. 
2015, the mean air temperature increased. Correspondingly, mean Brix° values decreased 
from the 22 Jan. 2015 to the 5 Feb. 2015 sampling date. After 22 Jan. 2015, soil and air 
temperatures decreased until 19 Feb. 2015 and Brix° values increased across all cultivars 
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during this sampling date. After 19 Feb. 2015, mean soil and air temperatures increased for 
the duration of the experiment and brix values across all cultivars decreased (Figure 3.1). 
 
 
Figure 3.1: Mean Brix° per cultivar and mean air and soil temperatures throughout the 
2014-15 growing season. Brix° data represent the means of the 20 samples per harvest 
date. Mean air and soil temperature data represent the mean of all air and soil temperature 
data in the two week period prior to each harvest date measured every 30 minutes by on-
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 All soil and air temperature data for the 2014-15 season can be seen in the results 
section of Chapter 2 (Table 2.5). Approximate 14-day mean soil and air temperatures 
before corresponding Brix° sampling dates can be seen in Table 3.4. Mean air and soil 
temperatures decreased from 26 Nov. 14 to their lowest period between 5 and 19 Feb. 
2015, then increased to their highest period on 15 Apr. 15. Mean air temperature did break 
the seasonal trend by increasing from 8 to 22 Jan. 2015 before decreasing again on 5 Feb. 
2015 (Table 3.4). 
Table 3.4: Mean air and soil temperatures for the 14-day periods preceding each harvest 
date during the fall-winter 2014-15 season. 
Date 
Mean air temperature (C°)   Mean soil 
temperature (C°) 
 
  3 Day 7 Day 14 Day 3 Day      7 Day  14 Day  
26 Nov. 14 8.8 6.4    6.1  9.0 7.9 7.3  
12 Dec. 14 5.5 4.7 5.2  6.0 5.8 7.1  
26 Dec. 14 -1.3 -0.9 4.2  1.8 1.9 5.5  
8 Jan. 15 2.7 0.5 -0.9  3.2 1.8 1.4  
22 Jan. 15 -2.9 -1.5 0.9  0.3 0.6 1.3  
5 Feb. 15 -1.2 -1.5 -1.6  -0.1 -0.2 0.3  
19 Feb. 15 3.8 3.3 -1.5  5.0 4.6 -0.4  
5 Mar. 15 5.5 6.9 2.9  7.3 8.5 3.9  
19 Mar. 15 5.5 6.0 6.9  9.5 9.5 7.3  
2 Apr. 15 14.5 10.7 7.7  14.7 12.0 9.3  
15 Apr. 15 8.8 6.4 10.8  9.0 7.9 11.7          
 
  
    




 The hypothesis that there would be a negative correlation between soil and air 
temperatures and the overall Brix° values within fresh harvested spinach leaves was 
supported by the data. The data indicated a negative correlation between soil/air 
temperatures with overall Brix° values. 
We also hypothesized that cultivars would differ in Brix levels. Certain cultivars 
such as ‘Gazelle’ exhibited higher Brix° levels than other cultivars, such as ‘Carmel’ and 
‘Tyee’. If similar data is found in the current 2015-2016 experimental season, it could be 
concluded that there is a potential for growers to manage spinach Brix° levels and 
potentially increase their nutritional content (Oh et al., 2009) through cultivar selection. 
  The strong negative correlations between soil and air temperatures in all cultivars 
of winter spinach production was consistent with previous research. Guy et al. (2009) and 
Tamura (2004) reported that Brix° varied seasonally, where levels were lowest at the 
beginning of the season, highest at the coldest point, and then gradually decreased with the 
warming spring temperatures.  
We observed significant correlations between three, seven, and 14-day mean soil 
and air temperatures and Brix° levels. This indicates that winter spinach Brix° levels are 
sensitive to soil and air temperatures and will respond by increasing or decreasing Brix° 
according three, seven, or 14 day mean temperatures prior to harvest. The literature states 
that in controlled environments, air temperature means over a period of seven days for 
hydroponic lettuce (Sakamoto and Suzuki, 2015) or three days for in-ground spinach 
(Tamura, 2004) prior to sampling is a strong predictor of Brix°. If similar data is found in 
the current 2015-2016 experimental season, it could be concluded that there is a potential 
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for growers to predict spinach Brix° according to three, seven, or 14 day mean day soil and 
air temperatures means, depending on the cultivar. This information could greatly benefit 
growers because they could quickly estimate the concentration of soluble solids in their 
crop from current weather conditions, which could potentially aid in marketing strategies. 
In summary, this was the first season of a two-year experiment tracking the Brix° 
response of multiple high tunnel spinach cultivars to temperature throughout the winter 
growing season in New Hampshire. A negative correlation was shown between spinach 
Brix° levels and temperature, with significantly different Brix° levels between cultivars. 
While the relationship between decreasing temperatures and increasing sweetness in 
spinach has been previously anecdotally observed in the region, this experiment provides 
preliminary data to support these anecdotal observations.  
In the future, tasting panels should be designed blindly exposing random 
participants to uniformly prepared spinach cultivars with significantly different Brix° levels 
to assess whether or not consumers have preference for the increased sucrose content 
(Guy et al., 1992), or nutritional quality such as higher antioxidants and phytonutrients (Oh 
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Chapter 4: Evaluating the effects of soil potassium on tunnel tomato 




Soils under high tunnels are different from field soils in terms of both weather 
exposure and how they are managed. High tunnels have the potential for to affect soil 
characteristics such as increased nutrient mineralization from warmer temperatures and 
increased salinization from the lack of precipitation (Hoskins, 2013). Coupled with 
typically increased soil organic matter, increased soluble salt content, and increased 
macro-nutrients as compared with field soils (Hoskins, 2013; Knewston et al., 2010; 
Fitzgerald and Hutton, 2012; Sideman unpublished), there is a potential for high tunnel 
soils to greatly differ from field soils.  
Land grant universities in the Northeastern U.S. commonly use the Mehlich-3 (M3) 
and Modified Morgan (MM) soil tests for field soils, and the Saturated Media Extract (SME) 
test for soilless media in greenhouses. While these soils tests have been calibrated to 
predict nutrient status in New England field soils (MM and M3) and greenhouses (SME), 
they have not been calibrated for high tunnel soils 
 Without the calibration of MM, M3 or SME soil testing methods to high tunnel soils, 
accurate interpretations of soil nutrient profiles and fertility recommendations cannot be 
made. Among land-grant universities in the Northeast, high tunnel soil testing 
methodologies are inconsistent and controversial, and more research is needed to support 
current testing protocols and their efficacy. Grubinger (2010) and Hoskins (2013) have 
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proposed that measuring the immediately available nutrients in the soil solution using SME, 
in combination with MM or M3, may give a more accurate indication of nutrient availability 
to the high tunnel crop. While soil-testing laboratories in the Northeast have recently 
started to follow this protocol, little to no research exists to verify this method.  
Before a combination of field soil and greenhouse media tests can be confidently 
recommended to improve soil nutrient status predictions, the ability of field soil tests (M3 
and MM) and the SME test to predict soil K must be assessed. One goal of our research was 
to determine the relationships between the field soil tests and the SME test and their ability 
to predict soil K in high tunnels in the Northeast, and thereby provide justification to 
continue or discontinue the combination of field soil tests with SME. The ultimate goal was 
to improve the interpretation of soil K test values and provide more accurate fertility 
recommendations to growers. In addition, this research also aims to address how 
measured soil K levels affect the yield and quality of high tunnel tomato in our region. We 
hypothesized that both the M3 and MM tests would strongly correlate with the SME test 
and that soil K prediction values of all tests would strongly correlate with tomato yield and 
quality.  
In the northeast, crops are commonly grown in high tunnels because they offer a 
longer growing season, warmer overall temperatures, more controlled irrigation 
management, and less disease than field sites. As a result, crops grown in high tunnels often 
exhibit increased biomass production, nutrient uptake, and yields than in open fields 
(Goldy, 2012; Jett, 2010; Reeve and Drost, 2012; Biernbaum, 2013). Because of these 
increased growth characteristics, field tomato fertility management may not be optimal for 
high tunnel tomato production systems and establishing critical soil nutrient levels was an 
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objective in our experiment. In addition, many high tunnel tomato growers in the northeast 
use organic fertility sources, regardless of certification (Sideman, unpublished), which is 
why our experiment focused on organic fertility sources. 
The lack of soil nutrient critical levels indicates the potential for soil test 
interpretations by soil laboratory personal and crop specialists to be under or 
overestimating utilization of nutrients by tomato, resulting in inaccurate fertility 
recommendations to growers. Such inaccurate recommendations may prevent growers 
from attaining optimal yields.  
While understanding the relationship between all macro and micronutrients and 
high tunnel tomatoes could lead to more accurate fertility recommendations and 
potentially higher yields, the analysis of multiple nutrients and their varying yield effects 
would be difficult to study simultaneously. Therefor, the focus will be on K, as it is one of 
the three macronutrients and considered one of the most important nutrients for fruit 
production (Ahktar et al., 2010; Besford and Maw, 1975; Fontes et al., 2000; Hartz et al., 
1999; Hartz et al., 2005; Liu et al., 2008; Lachover, 1972; Mikkelson, 2008; Serio et al., 
2007). 
Potassium is an essential nutrient for the ripening of tomato fruit (Ramirez et al., 
2009; Serio et al., 2007; Trudel and Ozburn, 1970; 1971). As a result, K can potentially 
affect the tomato ripening disorder known as ‘yellow shoulder’, which is commonly seen in 
high tunnel tomato production in the Northeast (Sideman, unpublished). The relationship 
between soil K level and yellow shoulder is not fully understood. The relationship is further 
complicated by other factors such as moisture, temperature and tomato genotype (Hartz et 
al., 1999; 2005; Hunter et al. 2010; Picha et al., 1987) (see chapter 1: Tomatoes, Role of 
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potassium in tomato nutrition). The relationship between organic sources of K and the 
frequency and severity of yellow shoulder in high tunnel tomatoes is not known in the 
northeast. 
The objective of this component of the research is to assess whether or not a 
relationship exists between the organically-fertilized soil K levels and the frequency or 
severity of yellow shoulder.  
We hypothesize that the soil K levels from the M3, MM, and SME tests will correlate 
with one another and with yield and yellow shoulder; and that a yield and yellow shoulder 
frequency or severity response in high tunnel tomatoes will be seen with increasing rates 
of supplemental K 
Methods 
High Tunnel Structure and Site preparation 
 
In 2014, this study was conducted at the New Hampshire Agricultural Experiment 
Station’s Fairchild Research Center in Durham, New Hampshire, at Grafton County Farm in 
North Haverhill, NH, and at the Maine Agricultural Experiment Station’s Highmoor Farm in 
Monmouth, ME.  In 2015, the experiment was repeated in the same locations in North 
Haverhill, NH and Monmouth, ME, but in Durham, NH the experiment was moved due to 
space limitations to the New Hampshire Agricultural Experimental Station’s Woodman 
Horticultural Research Farm.  
Durham, New Hampshire 
 
In the Durham, NH location in 2014, the high tunnel used was a Ledgewood Farms 
High Tunnel (Moultonborough, NH) and was 29.2 m (96 ft) long by 9.1 m (30 ft) wide. The 
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gothic-style steel frame was covered with a double layer inflated of 6 mil, 4-year UV treated 
polyethylene and polycarbonate/wood endwalls with swinging doors. The roll up sides and 
southern endwall remained open throughout the growing season. 
 The soil was a poorly drained Buxton silt loam with 15% organic matter. The site 
was entering its second summer growing season under a high tunnel. The cropping history 
prior to this study was winter greens, summer tomatoes, and winter greens. Six raised beds 
were prepared with a bed shaper/mulch layer to be 0.9 m (3 ft) wide by 24.3 m (80 ft) long. 
Each bed constituted one block and was divided into 9 plots that were 0.9 m (3 ft) wide by 
2.4 m (8 ft) long. After fertility application, beds were covered with black plastic mulch. Six 
plants per block were planted at 0.4 m (16 in) spacing and data were collected only on the 
inner four plants per plot. See table 4.2 in the appendix for preplant soil nutrient status. 
In the Durham, NH location in 2015, three new high tunnels were constructed for 
the experiment. Each tunnel was 18.3 m (60 ft) long and 3.6 m (12 ft) wide. The caterpillar-
style steel frame was covered with a single layer of 6 mil, 4-year UV treated polyethylene 
and the polyethylene was gathered at the ends and secured to a stake. When temperatures 
were below 21.1° C (70° F), generally during the nights of the first and last few weeks of the 
season, and during heavy rain events, the push up sides were pushed down. Otherwise, 
they remained up throughout the growing season. 
The soil type was an adequately drained Charleston fine sandy loam with 3% 
organic matter. The site was entering its first year under a high tunnel. Prior to tillage, the 
field was predominately mixed grasses and forbs. Two raised beds per tunnel were made 
with a bed shaper/mulch layer to be 0.9 m (3 ft) wide by 18.3 m (60 ft) long. Each bed 
constituted one block, resulting in six total blocks. Each block was divided into six plots 
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that were 0.9 m (3 ft) wide by 2.4 m (8 ft) long. After fertility treatments were applied, beds 
were covered with black plastic mulch. Six tomatoes per block were planted at 0.4 m (16 
in) spacing and data were collected only on the inner four plants per block. See table 4.2 in 
the appendix for preplant soil nutrient status. 
North Haverhill, New Hampshire 
 
In both 2014 and 2015, in the North Haverhill, NH location, a 6.7 m x 21.9 m (22 ft x 
72 ft) Rimol High tunnel (Rimol Greenhouse Systems, Inc., Hooksett, NH) was used. 
Tomatoes were only planted in a 6.7 m x 15.4 m (22 ft x 50 ft) area.  The tunnel was moved 
to its current location in the fall of 2013. Prior to the experiment, only mixed greens were 
grown with no fertility applications. Before the tunnel was in place, the location had been 
used for mixed vegetable field production with yearly manure applications. When 
temperatures were below 21.1° C (70° F), generally during the nights of the first and last 
few weeks of the season, and during heavy rain events, the roll up sides were closed. 
Otherwise, they remained open throughout the growing season. 
The soil type was a well-drained Windsor loamy sand. Four raised beds were 
prepared by hand to be 0.9 m (3 ft) wide by 14.6 m (48 ft) long. Each bed constituted one 
block and was divided into six plots that were 0.9 m (3 ft) wide by 2.4 m (8 ft) long. After 
fertility treatments were applied, beds were covered with black plastic mulch. Six plants 
per block were planted at 0.4 m (16 in) spacing and data were collected only on the inner 
four plants per plot.  See table 4.2 in the appendix for preplant soil nutrient status. 
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Monmouth, Maine 
            
 In both 2014 and 2015 in the Monmouth, ME location, three 7.9 m x 14.6 m (26 ft x 
48 ft) Rimol Rolling Thunder (Rimol Greenhouse Systems, Inc., Hooksett, NH) high tunnels 
were used. Prior to experiment in 2013, the location was uncovered and planted in lettuce 
using a 10-10-10 fertilizer at 560 kg/ha (500 lbs/ac). Prior to high tunnel construction in 
2012, the location was in a long-term sod. When temperatures were below 21.1° C (70° F), 
generally during the nights of the first and last few weeks of the season, and during heavy 
rain events, the roll up sides were closed. Otherwise, they remained open throughout the 
growing season. 
The soil type was a Woodbridge sandy loam. Five raised beds were prepared with a 
bed layer to be 0.9 m (3 ft) wide by 14.0 m (46 ft) long per tunnel with the middle row of 
each tunnel excluded from the experiment. Two adjacent beds per tunnel constituted one 
block and were divided into ten plots that were 0.9 m (3 ft) wide by 2.0 m (6.6 ft) long. 
After fertility treatments were applied, beds were covered with black plastic mulch. Five 
tomatoes per block were planted at 0.4 m (16 in) spacing and data were collected only on 




 In 2014 in both the Durham and North Haverhill, NH locations, the cultivar 
‘Geronimo’ (Johnny’s Selected Seeds, Waterville, ME) was grown. ‘Geronimo’ was selected 
as it is widely grown in the area and expresses resistance to leaf mold (Fulvia fulvum), a 
common high tunnel tomato disease. Plants were seeded in a heated greenhouse on 2 Apr. 
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2014 and were transplanted on 4 Jun. 2014 in Durham, NH and in North Haverhill, NH. In 
the Monmouth, ME location, the cultivar ‘Rebelski’ was grown because not enough 
‘Geronimo’ plants were available due to unanticipated poor germination. Rebelski’ was 
selected due to its similar characteristics to ‘Geronimo’. Rebelski’ plants were seeded in a 
heated greenhouse on 23 Apr. 2014 and were transplanted on 10 Jun. 2014 in Monmouth, 
ME.  Plants in all locations were pruned to a single leader and trellised. 
 In 2015 in all locations, the cultivar ‘Big Beef ‘was grown (Harris Seeds, Rochester, 
NY). ‘Big Beef ‘was selected because it does not posses the ‘uniform green’ trait, which 
makes it more susceptible to showing yellow shoulder, which was desirable to help identify 
potassium thresholds in the experiment. All plants were seeded on 24 Mar. 2015 and 
transplanted on 29 May 2015 in Durham, NH and Monmouth, ME and 18 May 2015 in 
North Haverhill, NH. 
Fertility Treatments  
 
In 2014, composite soil samples were taken at all sites to a depth of 15 cm (6 in) 
from each of the experimental sites and were assessed by the University of Maine Soil 
Analytical Lab. Ten fertility treatments were assigned to create seven levels of soil K (Table 
4.1). For the organic K levels, potassium sulfate (North Country Organics, Bradford, VT) 
was used. To meet crop needs, a combination of blood meal and soy meal was used as a 
nitrogen source. All materials were applied immediately before transplanting and raked 
into the soil surface to a depth of approximately 5 cm (2 in) in Durham, NH and Monmouth, 
ME, and incorporated into the soil with a broadfork to a depth of approximately 10-15 cm 
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(4-6 in) in North Haverhill, NH. In North Haverhill, the highest K treatment was dropped 
due to space (Table 4.1). 
Table 4.1: Applied fertility treatments in 2014 in Durham, NH, North Haverhill, NH, and 
Monmouth, ME. 
Applied elements per plot (kg/ha) 
Treatment N P2O5           K20 
1 423 83 136 
2 423 83 283 
3 423 83 471 
4 423 83 660 
5 423 83 849 
6 423 83 1037 
7x 423 83 1226 
 x Treatment seven was not applied in North Haverhill, NH. 
In 2015 before site preparation in Durham, NH, the soil was sampled with identical 
methodology as in 2014 to assess initial soil K. The highest K treatment was dropped due 
to space. As in 2014, 0-0-51 potassium sulfate (North Country Organics, Bradford, VT) was 
used for the organic K source and was applied up to a week before transplanting and raked 
into the soil surface to a depth of approximately 5 cm (2 in). Because the potassium levels 
in the blood and soy meal nitrogen sources in 2014 were unexpectedly high, a lower 
potassium nitrogen source (Naturesafe, Darling, TX) was used in 2015, thus lowering the 






    




Table 4.2: Applied fertility treatments in 2015 to Durham, NH. 
Applied elements per plot (kg/ha) 
Treatment                Nz               P2O5           K20 
1 374 49       46 
2 374 49 176 
3 374 49 344 
4 374 49 512 
5 374 49 679 
6 374 49 847 
z Half of the total nitrogen source was applied at preplant and the other half at first harvest. 
Additional K was not applied in 2015 in the North Haverhill or Monmouth, ME 
locations, where the experimental sites remained the same as 2014. Because of the soil K 
applications in 2014, a strong K gradient was established between the experimental plots 
in both sites. As a result, no additional K was applied to either site as the residual K 
gradient between plots was sufficient for the experimental design. 
Application of Naturesafe was split with 50% of the fertility immediately before 
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Table 4.3: Percentage of total nutrient content analysis of fertilizers by the University of 
Maine. 
  Primary and secondary macronutrient content (%) 
               N P K Mg Ca S 
Soybean meal  (7-2-1)z        - y 0.73 2.03 0.26 0.20 0.34 
Blood meal  (12-0-0)        -     0.33 0.37 0.20 1.30 0.49 
Naturesafex  (13-0-0)  13.5 0.25 0.41 0.04 0.54 0.23 
Potassium Sulfatex (0-0-51)     - 0 45.00 0.26 0 18.40 
 Micronutrient content (mg/kg) 
     Al    B   Cu    Fe   Mn   Zn 
Soybean meal (7-2-1)  62 29 14   199 28 48 
Blood meal  (12-0-0)  364 10 44 3202 50 52 
Naturesafe  (13-0-0)  140 1.9 25 150 16 110 
Potassium Sulfatew (0-0-51)  0 0 0 0 0 0 
z  Indicates N-P-K book value (soybean meal) or analysis unit (blood meal, naturesafe, and 
potassium sulfate) from product label. 
y Percent total nitrogen content was only analyzed for naturesafe. Total N combustion 
analysis was run at 1150° C.  
x Naturesafe was ashed at 550° C, dissolved in HCl and analyzed by ICP-OES. 
w Potassium sulfate was dissolved in deionized water and analyzed by ICP-OES. 
 
The preplant applications were raked into the soil surface to a depth of 
approximately 5 cm (2 in) in Durham, NH and Monmouth, ME and incorporated into the 
soil with a broadfork to a depth of approximately 10-15 cm (4-6 in) in North Haverhill, NH. 
The first-harvest applications were mixed into the soil around the base of the plants 




Starting on 6 Aug. 2014 in Durham, NH, 18 Aug. 2014 in North Haverhill, NH, and on 
19 Aug. 2014 in Monmouth, ME, yield data were collected. All ripe fruit were harvested on 
a per-plant basis and weight of harvested fruit, number of harvested fruit, fruit size, 
marketability, and fruit defect data (yellow shoulder, radial cracking, concentric cracking, 
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blossom end rot, etc.) were collected. Harvests were repeated weekly until 16 Sep. 2014, 30 
Oct. 2014 in North Haverhill, NH, and 14 Oct. 2014 in Monmouth, ME. On the last harvest, in 
addition to ripe fruit, unripe fruit were harvested, sorted into breaker (stage of fruit 
development where if picked, will ripen) or non-breaker (stage of fruit development where 
if picked, will not ripen), and weighed.  
In 2015, starting on 27 Jul. 2015 in Durham, NH, 25 Jul. 2015 in North Haverhill, NH, 
and 23 Jul. 2015 in Monmouth, ME, yield data were collected. Data collection methodology 
was identical to 2014 except regarding yellow shoulder. In addition to yellow shoulder 
frequency, the severity of yellow shoulder was also recorded. Each fruit was rated on a 
scale of zero to three, where zero indicated no yellow shoulder, one was still considered 
marketable and the fruit area exhibited less than 10% of yellow shoulder, two was 
considered unmarketable and the fruit area exhibited 10-50% of yellow shoulder, and 
three was considered unmarketable and the fruit area exhibited over 50% of yellow 
shoulder (Figure 4.1). Harvests were repeated weekly until 14 Oct. 2015 in Durham, NH, 17 
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Figure 4.1: Tomato yellow shoulder severity rating: a. No yellow shoulder, b. 1, c. 2, and d. 3. 
All photos by author except photo ‘c’: Mark Hutton. 
Soil Sampling 
 
In both years, soil was sampled in each plot at the first and the last harvest, as well 
as prior to transplanting in 2015 in North Haverhill, NH and Monmouth, ME (Table 4.4). 
Soil was collected from each block to be archived and analyzed. To collect a sample, soil 
was extracted to a depth of 15cm from three different areas within each plot, through the 
black plastic. The soil samples were mixed in a bucket, and an approximate two-cup sample 
was extracted.  Soil samples were dried in a ventilated greenhouse for one week. After 
drying, one cup was archived for later use and one cup was sent to the University of Maine 
Soil Analytical Lab for analysis using the MM, M3, and SME soil tests. Because the M3 and 
MM tests were so strongly correlated throughout the 2014 samples and the 2015 preplant 
sample, the M3 treatment was dropped in 2015 to lower experimental costs. 
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Seeding in greenhouse 18 Apr. 2014               -z       - 
24 Mar. 2015             -       - 
Transplant in-ground 4 Jun. 2014 4 Jun. 2014 10 Jun. 2014 
29 May. 2015 18 May. 2015 18 May. 2015 
Preplant M3/MM/SME 20 May. 2014 30 May. 2014 30 May. 2014 
2 Apr. 2015 2 Apr. 2015 2 Apr. 2015 
First Harvest M3/MM/SME 26 Jul. 2014 30 Jul. 2014 30 Jul. 2014 
First Harvest MM/SMEx 27 Jul. 2015 23 Jul. 2015  15 Jul. 2015  
Final Harvest M3/MM/SME 18 Sep. 2014 24 Oct. 2014              -w 
Final Harvest MM/SMEx 16 Oct. 2015  15 Oct. 2015  12 Oct. 2015  
Mid-season petiole sap potassium 18 Aug. 2014 20 Aug. 2014 22 Aug. 2014 
27 Jul. 2015 23 Jul. 2015 15 Jul. 2015 
End-of-season petiole sap potassium 18 Sep. 2014 24 Oct. 2014 14 Oct. 2014 
16 Oct. 2015 15 Oct. 2015 12 Oct. 2015 
z Seeding was done in Durham, NH for all three sites in a greenhouse heated to stay above 
55 F and ventilated to stay below 75 F.  
y Abbreviations: M3 = Mehlich-3, MM = Modified Morgan, SME = saturated media extract.  
x M3 soil samples in first and final harvest in 2015 were dropped in all sites due to 
significant correlations between M3 and MM soil K results and high experimental costs. 
w Final Harvest soil sample in Monmouth, ME was not taken in 2014. 
Petiole Sampling 
 
 In both years, petiole sap K and N were measured for each plot at the first and the 
last harvest (Table 4.3). Petiole sap K and N were measured to estimate current K and N 
status of the plant. At the first harvest sampling date in all sites, one petiole was selected 
from the one healthiest, largest, and greatest fruit set plant among the four center plants 
per plot considered. One sample per plot was chosen in order to reduce the impacts of leaf 
removal on plant growth mid-season. At the last harvest sampling date in all sites, one 
petiole from each of the four inner plants per plot was selected. The four petioles per plot 
were treated as one composite, more representative sample. The most recently expanded 
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leaf, the fourth or fifth leaf from the apex, from each chosen plant, was harvested for 
analysis. Leaves were immediately stored on ice in a cooler until analysis, which occurred 
one to two hours after harvest, as recommended by Rosen et al. (1996). 
To extract petiole sap, all leaflets and petiolules were removed from each leaf, 
leaving only the petiole. The petioles were chopped using a kitchen knife into one cm-long 
pieces and their juice was extracted with a handheld garlic press. For the final harvest 
composite sample, all the sap from four petioles was extracted and mixed as one composite 
sample. For nitrate analysis, sap was measured at no dilution and for potassium analysis, 
sap was diluted in a 1:10 ratio with deionized water. The sap was analyzed for nitrates 
using a LAQUA Twin Nitrate Meter and for Potassium using a LAQUA Twin Potassium 
Meter (Spectrum Technologies, Inc., East Plainfield, IL). To ensure consistency, both meters 
were recalibrated using two-point calibration every five samples. In 2014, a malfunction in 
the LAQUA twin nitrate meter prevented petiole sap N data from being obtained.  
Data Analysis 
 
All statistical analysis was conducted using JMP Pro 12 (SAS Institute, Inc., Cary, NC).  
For all correlations, the strength of r statistics was interpreted as follows: -1.0 to -0.5 or 1.0 
to 0.5 = strong, -0.5 to -0.3 or 0.3 to 0.5 = moderate, -0.3 to -0.1 or 0.1 to 0.3 = weak, and <-
0.1 to 0.1 = none.  
Soil and Petiole Potassium 
 
 Soil K data from M3, MM, and SME soil tests from all sample periods and sites were 
compared using a Pearson product-moment correlation model. Correlation r-values in all 
paired combinations (M3*MM, M3*SME, and MM*SME) were obtained. Correlations were 
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also performed between measured soil K and the applied K treatment. Petiole K from all 
sample periods per site-year were compared with each other, with the per-plot harvest 
data, and with soil K from all sample periods per corresponding site year. Correlation r-
values and corresponding p-values were obtained. 
 Soil K data from M3, MM, and SME soil tests from all sample periods and sites were 
also compared using the same model with plant yield and fruit traits. Because soil variables 
were taken on a plot-basis, correlations were performed using plot averages of per-plant 
values for all fruit yield traits. From this, the following data were selected for analysis: 
marketable weight (all fruit with no defects), unmarketable weight (all fruit with any defect 
except yellow shoulder), yellow shoulder weight (all fruit exhibiting yellow shoulder), 
yellow shoulder frequency (the frequency of total fruit exhibiting yellow shoulder), yellow 
shoulder severity (mean yellow shoulder severity score for all fruit that had yellow 
shoulder), and total weight (all marketable, unmarketable fruit, and yellow shoulder fruit). 
The soil K data from M3, MM, and SME soil tests from all sample periods and sites were 
compared with the cumulative mean harvest data using a Pearson product-moment 
correlation model. Correlation r-values and corresponding p-values were obtained. 
 Treatment 
 
Analysis of variance (ANOVA) was utilized to evaluate the effects of treatment on 
harvest traits. The model effects were applied K as a fixed effect and block as a random 
effect and the response variables used were the cumulative harvest data (marketable 
weight, unmarketable weight, total weight, and yellow shoulder frequency, severity, and 
weight).  
    




 In 2014, significant differences were seen in cumulative marketable yield between 
treatments in Durham, NH, but not in North Haverhill, NH or Monmouth, ME. Across all 
treatments, cumulative mean marketable yields were highest in North Haverhill, NH, 
ranging from 7032 to 5399 g/plant, and lowest in Monmouth, ME, ranging from 2621 to 
3228 g/plant. In Durham, NH, cumulative mean marketable yields ranged from 2943 to 
4038 g/plant (Table 4.5).  
Table 4.5: Cumulative mean marketable tomato fruit yields by varying levels of applied 
potassium fertility in all sites in 2014. 
Total applied elements (kg/ha)  Marketable yields (g/plant) 
 N P         K  Durham, NH N. Haverhill, NH Monmouth, ME 
423 83 136      3453z ab 6599 2975 
423 83 283      2943 a 5339 2861 
423 83 471      3805 ab 5804 3228 
423 83 660       3764 ab  7032  2952 
423 83 849      3763 ab 6144 2621 
423 83 1037      4038 b 6987 2720 
423 83 1226      3740 ab -y 2932 
z Mean fruit weight (g) followed by the same letter within a column are not significantly 
different (P ≤ 0.05) using Tukey’s Honestly Significant Difference test. 
y The symbol “-“ indicates this treatment not included in this site. 
 In 2015, significant differences were seen in cumulative marketable yield among 
treatments in Monmouth, ME, but not in Durham of North Haverhill, NH. In Monmouth, ME, 
the plots that received the two highest K levels in 2014 yielded significantly higher 
marketable fruit than the plots that received the two lowest K treatments in 2014. Yields 
were highest in North Haverhill, NH and lowest in Monmouth, ME (Table 4.6).  
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Table 4.6: Cumulative mean marketable tomato fruit yields by varying levels of applied 
potassium fertility in all sites in 2015. 
Total applied elements (kg/ha)z                        Marketable yields (g/plant) 
 N P                  K  Durham, NH N. Haverhill, NH     Monmouth, ME   
374 49 46  2385 2809 494 by 
374 49 176  2268 3466 557 b 
374 49 344  2154 3662 786 ab 
374 49 512  2279 4014 1055 ab 
374 49 679  2399 4221 990 ab 
374 49 847  2133 3856 1477 a 
-x -   -  - - 1392 a 
z Total applied N and P apply to all sites, but total applied K only applies to Durham. 
y Mean fruit weight (g) followed by the same letter within a column are not significantly 
different (P ≤ 0.05) using Tukey’s Honestly Significant Difference test. 
x The symbol “-“ indicates this treatment not included in this site. 
 
In 2014, a variety of disorders (radial and concentric cracking, blossom end rot, 
zippering, catfacing, scarring, and sunburn) and diseases (anthracnose and early blight) 
were observed in all sites (Table 4.7).  Early blight was only seen in Monmouth, ME. Yellow 
shoulder was not seen in any site, likely due to cultivar resistance to the disorder. Applied 
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Table 4.7: Percentage of observed tomato fruit disorders and diseases within all harvested 






















Radial cracking  0z 3 0  14 0 3 
Concentric cracking 0 0 0  9 0 0 
Blossom end rot 0 0 0  36 13 0 
Yellow shoulder 0 0 0  40 77 72 
Small 0 0 0  0 0 4 
Zippering 18 0 2  0 3 1 
Unripe 0 2 1  0 0 0 
Catface 0 0 0  0 0 0 
Scarring 0 0 0  0 0 0 
Sunburn 0 0 0  0 0 0 
Anthracnose 0 0 0  0 0 0 
Early blight 0 0 1  0 0 0 
z All values listed are the observed number of fruits with each disorder divided by the sum 
of all harvested fruit per site-year. 
 
In 2015, a variety of disorders (radial and concentric cracking, blossom end rot, 
zippering, catfacing, scarring, and sunburn) were observed in all sites, however applied K 
had no significant effect on incidence based on pairwise correlations. Yellow shoulder was 
seen in all sites throughout the entire harvest season, likely due to cultivar susceptibility to 
the disorder. The highest frequency of yellow shoulder was seen in Monmouth, ME and the 
lowest seen in Durham, NH. There was a similar trend in North Haverhill, NH and 
Monmouth, ME where the severity of yellow shoulder was higher in lower residual K 
treatments and decreased as residual K treatment increased. Yellow shoulder frequency 
and severity was highest in Monmouth, ME and lowest in Durham, NH (Table 4.8). 
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Table 4.8: Mean frequency and severity of total harvested fruit exhibiting yellow shoulder 
by treatment in 2015 in all sites. 
Total applied 
elements (kg/ha)z 
   
              Frequency / Severity (0-3) 
 
N P K    Durham, NH North Haverhill, NH Monmouth. ME 
374 49   46   0.14    /    1.8 0.69 /    2.3 0.83  /    2.3  
374 49 176   0.13 /    1.8 0.64 /    2.2 0.83 /    2.2  
374 49 344   0.14 /    1.8 0.63 /    2.2 0.74  /    2.1  
374 49 512   0.14 /    1.8 0.62 /    2.2 0.70  /    2.1  
374 49 679   0.13 /    1.8 0.60 /    2.2 0.74  /    2.2  
374 49 847   0.13 /    1.8 0.55 /    2.2 0.67  /    2.0  
374 49 -y   -x /    1.8 -  0.63  /    1.9  
z Total applied N and P apply to all sites, but total applied K only applies to Durham. 
y Potassium treatment not applied. 
x The symbol “-“ indicates this treatment not included in this site. 
Soil Test Correlations 
 In all sites and sample periods in 2014 and in the North Haverhill and Monmouth 
preplant samples in 2015, a wide range of soil K values was observed. In 2015 in North 
Haverhill and Monmouth for the mid-season and end-of-season soil tests, the reported K 
values were all deficient except for the high range K value in the mid-season MM sample. In 
2015 in Durham, all preplant soil K test values ranged from deficient to optimum and in the 
mid-season and end-of-season values, all soil K values ranged from deficient to excessive. 
In all sites except Durham in 2015, the range of K values from all soil sample methodologies 
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Table 4.9: Changes in Modified Morgan soil potassium (ppm) ranges from the beginning of 
the 2014 season to the end of the 2015 season in all sites. 
 2014  2015 
Sampling Time 
Durham, NH  
 




Preplant 2014 177-964z    - 259 117-208 
Midseason 2014 99-1997    - 307-2358 50-1852 
End of Season 2014 48-1288    - 93-1398 63-860 
Preplant 2015 -y  155-207 52-484 63-840 
Midseason 2015 -  75-1175 30-197 37-238 
End of Season 2015 -  43-1689 23-49 33-110 
z Optimum Modified Morgan soil potassium range for vegetable production according to the 
University of Maine Soil Lab interpretations are 200-300 ppm. Where multiple soil tests 
were taken, the range of values are displayed.  
y “-“ indicates data not taken in this location. 
 
Throughout the experiment, K values determined by M3 and MM were not different 
from one another, however results from the M3 and MM tests always exhibited increased 
levels of K compared to the SME results. For a full representation of the range of values of 
all nutrients by each soil test methodology in every site for each sampling date, see Tables 
A1-A6 in the appendix. In all sites and both experimental years, all soil tests from a shared 









    




Table 4.10: Correlations between mehlich-3, modified morgan, and saturated media extract 
soils tests in 2014 and 2015 in all sites. 
Site 










Durham 2014 M3/MMz    -y 0.99*** 0.99*** 
M3/SME    - 0.96*** 0.97*** 
MM/SME    - 0.97*** 0.97*** 
2015 M3/MM 0.99***x    -    - 
M3/SME 0.97***    -    - 
MM/SME 0.94*** 0.97*** 0.98*** 
North Haverhill 2014 M3/MM    - 0.99*** 0.99*** 
M3/SME    - 0.98*** 0.98*** 
MM/SME    - 0.98*** 0.99*** 
2015 M3/MM 0.99***    -       - 
M3/SME 0.94***    -    - 
MM/SME 0.93*** 0.94*** 0.83*** 
Monmouth 2014 M3/MM    - 0.98***    - 
M3/SME    - 0.97***    - 
MM/SME    - 0.99***    - 
2015 M3/MM 0.99***    -    - 
M3/SME 0.95***    -    - 
    MM/SME 0.94*** 0.94*** 0.94*** 
z Abbreviations: M3 = Mehlich-3, MM = Modified Morgan, SME = saturated media extract, K 
= potassium. 
y The symbol “-“ indicates this treatment not included in this site. 
y Pearson product-moment correlation r-value is shown; with the following symbols 
indicating significance: * p<0.05, ** p <0.01, *** p <0.0001. 
 
 In Durham, NH in 2014, the correlation strength of all variables in 2014 increased 
from middle to the end of season. Significant correlations were seen in 2014 between all 
end of season soil tests with mean unmarketable and total fruit weight (Table 4.11).
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Table 4.11: Correlations between mid- and end-of-season Mehlich-3, Modified Morgan, and saturated media extract soil 
potassium and tomato fruit cumulative mean marketable, unmarketable, yellow shoulder, and total harvest fruit weight, and 
yellow shoulder severity and frequency in Durham, NH in 2014 and 2015. 
  2014   2015 
 Mid-season  End-of-season  Mid-season  End-of-season 
 M3z MM SME  M3 MM SME  M3 MM SME  M3 MM SME 
Marketable Weight -0.03   0.08  0.11  0.18* 0.21* 0.17**  -  0.75  0.68  -  0.16 -0.14 
Unmarketable Weight -0.06* -0.15 -0.12  0.38* 0.39*y 0.42**  - -0.05 -0.03  -   0.02 -0.02 
YS Weight - x - -  - - -  -  0.04  0.03  - -0.14 -0.14 
YS Severity - - -  - - -  - -0.22 -0.17  - -0.03 -0.06 
YS Frequency - - -  - - -  - -0.15 -0.15  - -0.17 -0.15 
All Weight -0.12* -0.18 -0.15  0.31* 0.33* 0.31**  - -0.05 -0.03  - -0.03 -0.05 
 
z Abbreviations: M3 = Mehlich-3, MM = Modified Morgan, SME = saturated media extract, YS = yellow shoulder. All weight refers 
to total marketable plus unmarketable yield. 
y Pearson product-moment correlation r-value is shown; with the following symbols indicating significance: * p<0.05, ** p <0.01, 
*** p <0.0001. 







    




 In North Haverhill in 2014, there were moderate correlations with significant 
probability between all soil tests and mean unmarketable weight in the first and end of 
season samples and total weight in the first harvest sample. In 2015, significant 
correlations were seen between marketable weight and end of season SME and significant 
negative correlations were seen in the end of season sample between SME and yellow 
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Table 4.12: Correlations between mid- and end-of-season Mehlich-3, Modified Morgan, and saturated media extract soil 
potassium and tomato fruit cumulative mean marketable, unmarketable, yellow shoulder, and total harvest fruit weight, and 
yellow shoulder severity and frequency in North Haverhill, NH in 2014 and 2015. 
 2014   2015 
 Mid-season  End-of-season  Mid-season  End-of-season 
 M3z MM SME  M3 MM SME  M3 MM SME  M3 MM SME 
Marketable Weight 0.26 0.32* 0.31*  0.24* 0.24* 0.24*  - 0.73 0.54  - 0.44 0.80* 
Unmarketable Weight 0.46* y 0.44* 0.52*  0.40* 0.40* 0.48*  - 0.09 0.34  - 0.31 0.45* 
YS Weight      - x - -  - - -  - -0.10 -0.31  - -0.26 -0.40* 
YS Severity      - - -  - - -  - 0.17 -0.16  - -0.14 0.06* 
YS Frequency      - - -  - - -  - -0.07 -0.32  - -0.28 -0.46* 
All Weight 0.38 0.43* 0.46*  0.36* 0.36* 0.38*  - -0.06 -0.02  - 0.01 0.15* 
z Abbreviations: M3 = Mehlich-3, MM = Modified Morgan, SME = saturated media extract, YS = yellow shoulder. All weight refers 
to total marketable plus unmarketable yield. 
y Pearson product-moment correlation r-value is shown; with the following symbols indicating significance: * p<0.05, ** p <0.01, 
*** p <0.0001. 
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 In Monmouth, ME for mean marketable, unmarketable, yellow shoulder, and total 
harvest fruit weight, and yellow shoulder severity and frequency in 2014 and in mean total 
weight in 2015, no significant correlations were seen. However in 2015, significant 
correlations between mid and end of season soil K tests within a sampling period and mean 
marketable weight, unmarketable weight, and yellow shoulder severity were seen. In 
addition, strong negative significant correlations were observed between mid and end of 
season soil K tests and mean yellow shoulder weight and frequency (Table 4.13). The 
relationship between mean marketable weight and applied K, preplant, mid-season, and 
end-of-season MM soil K, as well as the decreasing values of MM K over the season, can be 
seen in Figure 4.2 below. 
 
    





Figure 4.2: Tomato fruit cumulative mean marketable weight by applied K and preplant, 
mid-, and end-of-season Modified Morgan soil potassium in Monmouth, ME in 2015. Each 
model is fit with a quadratic regression line.   
 




Table 4.13: Correlations between mid- and end-of-season Mehlich-3, Modified Morgan, and saturated media extract soil 
potassium and tomato fruit cumulative mean marketable, unmarketable, yellow shoulder, and total harvest fruit weight, and 
yellow shoulder severity and frequency in Monmouth, ME in 2014 and 2015. 
 2014   2015 
 Mid-season  End-of-season  Mid-season  End-of-season 
 M3z MM SME  M3 MM SME  M3 MM SME  M3 MM SME 
Marketable Weight    0.08 0.07 0.07  - - -  -  0.82*** y  0.70***  -  0.65***  0.48*** 
Unmarketable Weight 0.14* 0.13 0.08  - - -  -  0.66*** y  0.59***  -  0.64***  0.58*** 
YS Weight - x - -  - - -  - -0.61*** y -0.59***  - -0.61*** -0.58*** 
YS Severity - - -  - - -  -  0.49*** y  0.38***  -  0.47***  0.47*** 
YS Frequency - - -  - - -  - -0.53*** y -0.52***  - -0.49*** -0.40*** 
All Weight 0.09* 0.09 0.00  - - -   0.01** y -0.09***  - -0.01*** 0.06** 
z Abbreviations: M3 = Mehlich-3, MM = Modified Morgan, SME = saturated media extract, YS = yellow shoulder. All weight refers 
to total marketable plus unmarketable yield. 
y Pearson product-moment correlation r-value is shown; with the following symbols indicating significance: * p<0.05, ** p <0.01, 
*** p <0.0001. 
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Applied Fertility Treatments 
 
 In 2014, significant correlations existed between first and final harvest M3, MM, and 
SME with applied K in all sites. Correlation r-values ranging from 0.28 in the Durham, NH 
final harvest/SME correlation and 0.88 in the North Haverhill, NH first harvest MM/applied 
K correlation. In 2015 significant correlations existed between preplant M3, MM, and SME 
with applied K in North Haverhill, NH and Monmouth, ME (per plot preplant soil samples 
not taken in Durham, NH). Correlation r-values ranged from 0.33 in the Monmouth, ME 
preplant SME/applied K correlation to 0.89 in the North Haverhill, NH preplant SME 
correlation. Significant correlations existed between first harvest MM, and SME (M3 soil 
samples not taken) with applied K in Durham, NH, North Haverhill, NH and Monmouth, ME, 
and with final harvest MM and SME and applied K in North Haverhill, NH and Monmouth, 
ME. Correlation r values ranged from 0.28 in the Monmouth, ME final harvest SME/applied 
K correlation to 0.80 in the North Haverhill final harvest SME/applied K correlation (Table 
4.14). Because of this relationship, it can be confidently assumed that the amount of 
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Table 4.14: Correlations between applied potassium and Mehlich-3, Modified Morgan, and saturated media extract soil 
potassium in all sites per sampling period in 2014 and 2015. 
Durham, NH  North Haverhill, NH  Monmouth, ME 
Sampling period Soil sample  2014 2015  2014 2015  2014 2015 
Preplant M3z -y -  - 0.88***  - 0.42** 
MM - -  - 0.88***  - 0.41** 
SME - -  - 0.89***  - 0.33** 
First Harvest M3   0.44***x  0.73*** -  0.43** - 
MM 0.44*** 0.75***  0.88*** 0.73***  0.44** 0.42** 
SME 0.39*** 0.66***  0.87*** 0.54***  0.42** 0.37** 
Final Harvest M3 0.34*** -  0.84*** -  -      - 
MM 0.33*** -0.16***  0.84*** 0.44***  - 0.34** 
  SME 0.28*** -0.14***  0.83*** 0.80***  - 0.28** 
z Abbreviations: M3 = Mehlich-3, MM = Modified Morgan, SME = saturated media extract.  
y The symbol “-“ indicates this treatment not included in this site. 
x Pearson product-moment correlation r-value is shown; with the following symbols indicating significance: * p<0.05, ** p <0.01, 
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In 2014, applied K had a significant effect on marketable, unmarketable, and total 
weight in North Haverhill, NH and on marketable and total weight in Monmouth, ME. In 
2015, applied K had an effect on marketable weight in North Haverhill, NH and on 
marketable, unmarketable, and total weight, and yellow shoulder severity and frequency in 
















        81
 
Table 4.15: Analysis of variance summary of applied potassium effect on marketable, unmarketable, yellow shoulder, and total 















Durham, NH NS/NSz NS/NS -x/NS -/NS -/NS NS/NS 
North Haverhill, NH ***/ **y **/NS -/ * -/NS -/ NS */NS 
Monmouth, ME * /** NS/* -/NS NS/*** -/*** */*** 
z ANOVA p-value not significant (P ≤ 0.05). 
y * Indicates ANOVA p-value <0.05, ** indicates ANOVA p-value <0.01, *** indicates ANOVA p-value <0.0001. 
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Petiole Sap Potassium 
 
 In general in 2014, most petiole K means by treatment were above Hochmuth’s 
(1994) petiole sap K sufficiency levels for field tomato (2000-3000 ppm) and greenhouse 
tomato (3500-4000 ppm). The range of petiole sap K values seen in all sites was from 1916 
ppm in the mid-season Durham, NH lowest applied K treatment and 7550 ppm in the end-
of-season Monmouth, ME highest applied K treatment. All petiole sap K concentrations 
were higher in the end-of-season samples than in the mid-season samples. In general, 
petiole sap K was increased as applied K increased. Significant differences existed between 
applied K treatment and petiole sap K in Durham, NH in both sample periods and in 
Monmouth, ME in the end-of-season sample period (Table 4.16).  
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Table 4.16: Mean comparisons of petiole sap potassium levels (ppm) by applied potassium in 2014 in all sites. 
Durham, NH 
 







   End of 
season Sample 
 
Midseason    
Sample 





    End of 
season Sample 
136 1916 az 2866 a  3650 a 4750 a  3350 a 5166 ab 
283 2416 ab 3183 bc  3700 a 5225 a  3033 a 4016 a 
471 3500 b 3933 bc  3750 a 6550 a  3666 a 5233 ab 
660 2483 ab 3666 bc  3825 a 5650 a  3366 a 5666 ab 
849 3716 b 4750 ac  3825 a 5933 a  2900 a 5100 ab 
1037 2883 ab 4400 bc  4225 a 6075 a  3586 a 6283 ab 
1226 3000 ab 4850 c  -y -  3983 a 7550 b 
z Values followed by the same letters in each column are not significantly different (p<0.05) using Tukey’s Honestly Significant 
Difference test. 
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In 2015, all petiole K means by treatment were above Hochmuth’s (1994) petiole 
sap K sufficiency levels for field tomato (2000-3000 ppm) and greenhouse tomato (3500-
4000 ppm). The range of petiole sap K values seen in all sites was from 2942 ppm in the 
end-of-season Monmouth, ME second-lowest residual K treatment and 9766 ppm in the 
end-of-season Durham, NH highest applied K treatment. In Durham, NH, All petiole sap K 
concentrations were higher in the end-of-season samples than in the mid-season samples. 
In North Haverhill, NH, no trend existed as to whether more petiole sap K was observed at 
a certain sample period. In Monmouth, ME, all petiole sap K concentrations were higher in 
the mid-season samples than in the end-of-season samples. In general, petiole sap K was 
increased as applied or residual K increased, but the trend was not as clear as in 2014. 
Significant differences existed between applied/residual K treatment and petiole sap K in 
all locations and sample periods (Table 4.17).
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Table 4.17: Mean comparisons of petiole sap potassium levels (ppm) by applied potassium in 2015 in all sites. 





























46 5695 abx 7243 b  136       4225 b 4675 ab  5572 b 4100 bcd 
176 5234 b 7378 b  283       4606 ab 5181 a  7052 ab 2942 d 
344 5054 b 7936 b  471       5275 a 3050 c  8904 ab 4121 bcd 
512 6400 a 6452 ab  660       4900 ab 3925 bc  5415 b 5185 ab 
679 5143 b 7056 bc  849       4293 ab 5168 a  9170 ab 3620 cd 
847 6150 a 9766 a  1037       4425 ab 4875 a  9321 b 4782 abc 
-y - -  1226      - -  7609 ab 5723 a 
z Applied K only applies to Durham, NH. North Haverhill, NH and Monmouth, ME did not receive additional K in 2015. 
y The symbol “-“ indicates this treatment not included in this site. 
x Values followed by the same letters in each column are not significantly different (p<0.05) using Tukey’s Honestly Significant 
Difference test. 
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In 2014, no significant correlations were seen between mid- and end-of-season 
petiole sap K and marketable, unmarketable, yellow shoulder affected fruit, and total 
weight, and yellow shoulder frequency or severity. In 2015, significant correlations were 
seen between end of season petiole sap K and unmarketable weight in North Haverhill, NH. 
Significant correlations were also seen between end-of-season petiole K and marketable, 
unmarketable weight and yellow shoulder frequency (positive correlation) and yellow 
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Table 4.18: Correlations between mid- and end-of-season soil potassium with tomato fruit cumulative mean marketable, 
unmarketable, yellow shoulder, and total harvest fruit weight, and yellow shoulder severity and frequency in 2014 and 2015 
in all sites. 
 Durham, NH   North Haverhill, NH   Monmouth, ME 
2014  2015  2014  2015  2014  2015 
MSz ES  MS  ES  MS  ES  MS  ES  MS  ES  MS  ES 
Marketable Weight 0.16 0.53   0.16  0.26  0.03 -0.16  -0.16  0.10   0.04 0.00   0.14  0.47* 
Unmarketable Weight 0.09 0.08  -0.13 -0.01  0.32 0.17   0.17     0.55*x  -0.16 0.12   0.58  0.36* 
Yellow Shoulder Weight -y -  -0.04  0.07  - -  - -0.44  - -   0.01 -0.68*** 
Yellow Shoulder Severity - -  -0.01  0.02  - -  - -0.18  - -   0.11 -0.56* 
Yellow Shoulder Frequency - -   0.05 -0.25  - -  - -0.44  - -  -0.06  0.36* 
All Weight 0.11 0.28  -0.10  0.05  0.16 0.01   0.01  0.04  0.00 0.02  -0.12 -0.24 
z Abbreviations: MS = mid-season Modified Morgan soil sample, ES = end-of-season Modified Morgan soil sample. 
y The symbol “-“ indicates that data were not available 
x Pearson product-moment correlation r-value is shown; with the following symbols indicating significance: 
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In general, petiole K did not show a direct relationship with measured preplant, first, 
and final harvest MM soil K. However, in Monmouth, ME, the midseason MM potassium was 
moderately correlated with end of season petiole K (2014), and the preplant, mid, and end 
of season MM potassium was moderately correlated with end of season petiole K (2015) 
(Table 4.19). 
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Table 4.19: Correlations between mid-and end-of-season petiole potassium and preplant, first, and final harvest soil Modified 
Morgan potassium in 2014 and 2015 in all sites. 
Durham, NH  North Haverhill, NH  Monmouth, ME 
Year Soil Test 
Midseason 
Petiole K 










End of season 
Petiole K 
2014 Preplant MM Kz      -y      -         -     -            -     - 
First Harvest MM K  0.06 0.16   0.13  0.22  0.06 0.42**x 
Final Harvest MM K 0.05 0.19   0.01  0.24      -     - 
2015 Preplant MM K     -     -  -0.25  0.05  0.03 0.27*** 
First Harvest MM K -0.06 0.30  -0.25 -0.05  0.18 0.33*** 
  Final Harvest MM K -0.18 -0.15   0.06  0.07  0.15 0.25*** 
z Abbreviations: MM = Modified Morgan, K = potassium 
y The symbol “-“ indicates this treatment not included in this site. 
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Discussion 
The M3, MM, and SME tests produced similar results in the estimation of soil K 
levels. As a result, our data do not support the contention that the combination of the SME 
test with a field soil test will result in increased soil nutrient prediction strength, compared 
to either test used on its own. However, the combination of the two soil tests was originally 
recommended for high tunnel soils under continuous production for over three years 
(Grubinger, 2010; Hoskins, 2013). Because our experimental sites do not meet the 
proposed age requirement, our data could not evaluate this hypothesis.  
However, similar research in the same locations is still underway and both North 
Haverhill, NH and Monmouth, ME will be entering their fourth season of continuous high 
tunnel production, qualifying them for the recommended soil test combination according to 
Grubinger (2010) and Hoskin’s (2013) hypothesis. It is anticipated that the hypothesis can 
be more adequately tested in the next year of research. It should be noted that these 
conclusions only apply to soil K and the effects of soil testing on nitrogen and phosphorous 
have not been evaluated. Due to the variability between soil dynamics, what applied to soil 
K may not apply to soil nitrogen or phosphorous and further research should be carried out 
to address this issue. 
A significant interaction existed between applied K and yellow shoulder-affected 
fruit weight in North Haverhill, NH and yellow shoulder frequency and severity Monmouth, 
ME in 2015. In addition, increasing levels of applied K showed decreasing frequency of 
yellow shoulder affected fruit in the total harvested fruit. These data support conclusions 
made by Hartz et al. (1999; 2005), who found that applied K affects tomato fruit yield and 
yellow shoulder in field settings. However, because our data indicates yellow shoulder 
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presence at frequencies of over 14% in Durham, NH, 55% in North Haverhill, NH, and 63% 
in Monmouth, ME regardless of soil K levels, the management of this disorder through soil 
K alone is impractical and likely not plausible. These data support also support conclusions 
made by Hartz et al. (1999; 2005), who stated that while K does affect tomato yellow 
shoulder, the addition of other materials (gypsum) or factors such as temperature, light, or 
cultivar have a greater affect on yellow shoulder in tomato that K applications alone. The 
high rates of yellow shoulder in 2015 compared to the complete absence of the disorder in 
2014 suggests that selecting cultivars possessing the uniform green trait (Picha, 1987) or 
using shade cloth (Gent, 2004) is a far easier and more effective method for the control of 
yellow shoulder disorder. 
A yield response to applied K was seen in North Haverhill, NH and Monmouth, ME. A 
significant yield response to increasing soil K was seen in Monmouth, ME in 2015 when soil 
K had been significantly drawn down. As a result of this data and the significant 
correlations between marketable weight and MM soil K, it can clearly be seen that K has the 
potential to affect yield. This relationship that K is essential in tomato fruit production is 
well supported in the literature (Ahktar et al., 2010; Fontes et al., 2000; Hartz et al., 2005; 
Lachover, 1972; Serio et al., 2007).  
A trend can be seen that a tomato yield response to applied K is more likely to occur 
when preplant soil K is low (Ahktar et al., 2010; Fontes et al., 2000) or completely 
controlled (Serio et al., 2007), but less likely when preplant soil is moderate to high, even 
when K is applied through fertigation and is highly soluble (Hartz et al., 1999; 2005). This 
indicates that precisely evaluating preexisting soil K is essential for proper fertility 
applications. However, precise soil K measurement can be difficult because many factors 
    
    
92
effect soil K dynamics such as the soil temperature and moisture levels (Schaff and Skogley, 
1982; Sparks and Huang, 1985), presence of competitive cations (Gieseking and Jenny, 
1936), soil texture class and buffering capacity (Ninh et al., 2009), preexisting soil 
saturation of K, and equilibrium between soil K phase-types (Brady and Weil, 2007; Sparks, 
1987). 
 To address these variables in potassium dynamics, Beckett (1964) developed the 
quantity-intensity (Q/I) soil K testing methodology, but the difficulties in methodology and 
cost had historically limited the ability to include Q/I with commercial soil testing (Davis et 
al., 1996). However the quantity-intensity methods, which measure exchangeable K 
(quantity) and soil solution K (intensity) are very similar to the proposed combination of 
the MM soil test (quantity) and the SME test (intensity) by Hoskins (2013) and Grubinger 
(2010). This proposed methodology could be of great benefit because most soil labs 
capable of both testing protocols and neither are cost-prohibitive (Grubinger 2010).   
While our data did show a relationship between applied K and yield, critical soil K 
levels for high tunnel tomato production could not be determined. Yield did not increase 
with soil K until a critical level was reached, where yield no longer increased in response to 
increasing soil K. Because of this, precise K fertility recommendations for high tunnel 
tomato production in the Northeast cannot be made.  
A possible explanation for the lack of a clear yield curve response to soil K could lie 
in the potential for luxury K consumption by tomatoes. End-of-season soil K levels in all 
treatments, regardless of applied K amount, decreased throughout the two experimental 
seasons to similar levels. This indicates the potential for plants in the higher applied K 
treatments to have taken up more potassium than plants in the lower applied K treatments 
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with no clear yield-curve response seen.  Evidence exists to assume that soil K levels were 
not low enough in any treatment to limit yield and that luxury K consumption took place. 
All petiole sap K measurements from both years and all treatments were above field 
tomato sufficiency levels and most were above greenhouse tomato sufficiency levels 
determined by Hochmuth (1994). The excessive petiole sap K levels suggests that the 
tomato plants were growing in soils overly-saturated in K, even though soil K levels fell 
below optimum soil K according to the University of Maine’s interpretations of the M3, MM, 
and SME K levels. This discrepancy indicates the potential for field or greenhouse petiole 
sap K sufficiency levels determined by Hochmuth (1994) to not apply to high tunnel 
tomato; or for the in-field petiole sap K protocol utilized in the experiment to not accurately 
reflect petiole sap K uptake. To potentially increase the accuracy of this method, it is 
recommended that multiple petioles per sample be taken so that a composite sample can 
be evaluated, instead of relying on a single sample as in our protocol. While increasing the 
amount of plants where petioles are removed could potentially affect growth, it may result 
in a more reliable way to measure K levels in tomato tissue.   
 Both soil K testing and petiole sap K testing showed potential to predict yield and 
yellow shoulder patterns. In Monmouth, ME, the preplant MM soil test in 2015 was the only 
soil-sampling period whose soil K levels could predict yellow shoulder frequency, severity, 
and weight with significant probability. Preplant soil samples are usually taken in the early 
spring with plenty of time to adjust K for optimal yield or quality, this test can be of great 
benefit to growers and recommended as a potential tool to manage tomato yield and 
quality. A relationship existed between the end-of-season petiole sap K levels and yellow 
shoulder frequency, severity, and weight, as well as marketable and unmarketable weight. 
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However, critical petiole sap K levels for yellow shoulder frequency, severity, and weight, 
or marketable and unmarketable weight could not be established because there were no 
clear yield-curve relationships with petiole K and because yellow shoulder was observed at 
high frequency and severity regardless of petiole K.  In addition, the ability to predict yield 
and quality response at the end-of-season does not provide a grower any chance to 
improve soil K levels if petiole sap K tests suggest deficiency. As a result, the use of in-field 
petiole sap K measuring can not be recommended to growers as a useful practice in 
managing high tunnel tomato yield and quality.  
 In summary, the M3, MM, and SME soil test K levels were highly correlated in 
diverse soils with less than three years of continuous production. While the combination of 
either field soil test with the SME test will not increase the prediction strength of soil K for 
recent high tunnels, this research will be continuing and two out of the three experimental 
sites will be entering their fourth year of continuous high tunnel production.  
 In addition, critical soil K levels for maximizing tomato yield and quality could not 
be identified in high tunnel production systems because of a lack of a clear yield-curve 
response to applied organic K fertility. This is likely due to the complications in soil K 
dynamics and compounded by uncontrollable variables such as varying soil structure, 
buffering capacity, preplant K saturation, and soil K phase-type equilibria between 
experimental sites. It is recommended that further research studying the effects of applied 
K fertility should not only consider preplant soil K, but also soil texture class and buffering 
capacity when comparing experimental sites.  
Despite these complications, preplant M3, MM, or SME soil K levels were identified 
as potential useful predictors for high tunnel tomato yield and quality and in-field petiole 
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sap K levels were not. Soil K did have a significant effect on marketable yield and the yellow 
shoulder disorder, but further research should be done to better understand the extent of 
its effects and other interacting variables.
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Appendix 




Durham, NH  
           (2014)y                     (2015) North Haverhill, NH Monmouth, ME 
Aluminum -y 30-54 75-81 23 88-124 
Boron 0.5 - 1.2 0.44-0.82 0.12-0.16 0.18 0.14-0.28 
Calcium 60-80% CEC 5224-6836 440-582 2205 1235-2751 
Copper 0.25-0.6 0.39-0.55 0.39-0.44 0.18 0.87-1.81 
Iron 6-10 6.8-10.4 3.7-5.7 2.5 8.4-18.3 
Potassium 200-300 177-964 155-207 259 117-208 
% Organic Matter 8-12% 14.8-19.7% 3.7-3.8% 2.7 3.4-5.4% 
Magnesium 10-20% CEC 938-1545 94-98 188 59-113 
Manganese 4-9 5.5-7.1 3.5-5.2 2.6 1.7-3.8 
Sodium - 258-562 16-24 20 15-27 
Ammonium-N - 6-12 1.0-1.8 2 1-4 
Nitrate-N 100-200 28-191 22-31 10 3-6 
Phosphorous 20-40 50-130 11.8-12.9 49 7.5-10.1 
pH 6.5-7.5 5.8-6.3 5.6-5.8 6.5 6.1-6.6 
Sulfur >15 21-44 7.2-9.3 6 12-19 
Zinc 1-2 3.1-5.1 1.4-1.7 1.7 0.9-7.5 
z Optimum Modified Morgan soil test ranges according to the University of  Maine Soil Analytical Lab. 
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Table A.2: Midseason nutrient ranges from all soil tests in 2014. 
Soil 





M3 Al -y 1076-1264 1299-1471 1538-1697 
MM - 26-52 15-22 56-106 
SME <10.0 ppm 0.4-3.5 0.5-1.4 0.3-3.0 
M3 B - 1.3-1.9 0.8-3.8 0.5-1.1 
MM 0.5 - 1.2 ppm 0.3-0.7 0.2-0.4 0.1-0.3 
SME 0.05-0.5 ppm 0.1-0.3 0.1-0.3 0.1-0.3 
M3 Ca 800-1200 ppm 233.-770 1250-1518 1045-1866 
MM 60-80% of CEC 2352-3312 1056-1443 943-1683 
SME > 250 ppm 222-839 126-544 111-518 
M3 Cu 1.0-11.0 ppm 2.8-4.3 1.5-2.0 9.0-15.1 
MM 0.25-0.6 ppm 0.2-0.4 0.2-0.3 0.8-1.8 
SME 0.01-0.5 ppm 0.0-0.1 0.0-0.1 0.0-0.3 








MM - - - - 
SME 2.00-4.00 (dS/m) 2.31-6.00 2.85-11.30 0.85-5.49 
M3 Fe 86-242 ppm 262-365 143-200 107-179 
MM 6.0-10.0 ppm 5.0-13.0 2.5-5.9 5.4-12.9 
SME 0.3-5.0 ppm 0.1-0.5 0.2-1.0 0.0-0.7 
M3 K 170-280 ppm 107-2044 322-2441 353-2448 
MM 200.0-300.0 ppm 99-1997 307-2358 50-1852 










MM 8-12% - - - 
SME 8-12% - - - 
M3 Mg 6-120 ppm 40-179 122-185 50-136 
MM 10-20% of CEC 373-673 102-162 40-116 
SME > 60 ppm 63-271 28-135 10-63 
M3 Mn 12.0-29.0 ppm 31-75 31-40 24-31 
MM 4.0-9.0 ppm 16-54 6-13 6-15 
SME 0.1-3.0 ppm 1.2-9.5 0.3-3.0 0.4-3.4 
M3 Na - 248-983 20-40 18-60 
MM - 227-953 20-33 18-56 
SME < 100 ppm 139-682 24-52 17-61 
M3 P 30.0- 50.0 ppm 146-310 360-434 81-162 
MM 20.0-40.0 ppm 15-49 28-43 4-17 
SME 1.0-5.0 ppm 0.8-2.8 2.1-6.9 0.4-1.9 
M3 pH 6.5-7.5 ppm - - - 
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MM 6.5-7.5 ppm - - - 
SME 6.5-7.5 ppm - - - 
M3 S - 55-1342 46-938 22-985 
MM >15 ppm 5-1453 32-896 18-689 
SME 25-100 ppm 26-662 49-1599 3-660 
M3 Zn 2.0-24.0 ppm 8.8-20.5 6.3-8.4 2.4-15.5 
MM 1.0-2.0 ppm 2.0-5.0 1.4-2.0 1.1-6.8 
SME   0.3-3.0 ppm 0.3-0.7 0.3-0.6 0.3-1.1 
z Optimum ranges based on University of Maine Modified Morgan interpretations. All  
values listed are mg/kg (ppm) except LOI (OM) which is the organic matter percentage of the 
 total soil fraction, and pH, which is on a scale of 0-14.  
y “-“indicates that no interpretation of optimum range is available. 
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Table A.3: End of season nutrient ranges from all soil tests in 2014. 2014 
Nutrient Optimum Rangez 
Durham, 
NH North Haverhill, NH 
Monmouth, 
ME 
Al -y 1087-1276 1282-1437 1663-1865 
- 29-58 24-40 81-129 
<10.0 ppm 0.4-3.2 0.5-1.7 0.0-1.2 
B - 1.0-1.5 0.6-1.7 0.8-1.9 
0.5 - 1.2 ppm 0.2-0.4 0.1-0.2 0.2-0.7 
0.05-0.5 ppm 0.1-0.3 01.-0.2 0.1-0.3 
Ca 800-1200 ppm 857.-3159 1100-1427 884-2055 
60-80% of CEC 1658-3198 977-1229 808-1926 
> 250 ppm 68-503 139-517 27-684 
Cu 1.0-11.0 ppm 2.8-4.5 1.3-1.7 9.2-15.5 
0.25-0.6 ppm 0.2-0.3 0.1-0.2 0.8-1.8 









- - - - 
2.00-4.00 (dS/m) - - - 
Fe 86-242 ppm 239-363 151-214 138-221 
6.0-10.0 ppm 5.0-16.0 2.7-5.4 6.8-17.8 
0.3-5.0 ppm 0.2-2.4 0.2-0.8 0.0-1.0 
K 170-280 ppm 53-1282 93-1398 59-863 
200.0-300.0 ppm 48-1288 93-1398 63-860 










8-12% - - - 
8-12% - - - 
Mg 6-120 ppm 266-566 93-150 50-157 
10-20% of CEC 233-519 81-138 31-139 
> 60 ppm 19-157 25-118 31-72 
Mn 12.0-29.0 ppm 19-38 29-37 9-22 
4.0-9.0 ppm 8-25 7-12 4-13 
0.1-3.0 ppm 0.1-3.7 0.5-5.0 0.0-2.6 
Na - 205-715 35-65 30-140 
- 177-702 28-60 18-129 
< 100 ppm 109-406 26-107 16-129 
P 30.0- 50.0 ppm 124-282 335-416 77-140 
20.0-40.0 ppm 12-39 20-31 4-9 
1.0-5.0 ppm 0.7-2.1 1.3-3.6 0.1-0.7 
pH 6.5-7.5 ppm - - - 
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6.5-7.5 ppm - - - 
6.5-7.5 ppm - - - 
S - 33-818 41-784 21-509 
>15 ppm 24-844 27-770 18-519 
25-100 ppm 19-605 32-1193 3-261 
Zn 2.0-24.0 ppm 7.0-17.7 5.5-7.3 2.4-17.7 
1.0-2.0 ppm 1.9-4.0 1.5-2.2 1.0-10.2 
  0.3-3.0 ppm 0.2-0.5 0.3-0.5 0.2-0.6 
z Optimum ranges based on University of Maine Modified Morgan interpretations. All  
values listed are mg/kg (ppm) except LOI (OM) which is the organic matter percentage of the 
 total soil fraction, and pH, which is on a scale of 0-14.  
y “-“ indicates that no interpretation of optimum range is available. 






























    
    
108
Table A.4: Preplant nutrient ranges from all soil tests in 2015. 









M3 Al -y 1720-1764 1375-1523 1683-1865 
MM - 75-81 28-36 81-124 
SME <10.0 ppm 0.00-0.87 0.3-2.7 0.00-1.16 
M3 B - 0.6-0.8 0.6-0.7 0.8-1.9 
MM 0.5 - 1.2 ppm 0.12-0.16 0.08-0.20 0.20-0.70 
SME 0.05-0.5 ppm 0.15-0.28 0.1-0.14 0.08-0.28 
M3 Ca 800-1200 ppm 540-706 1107-2268 885-2055 
MM 60-80% of CEC 440-582 916-1205 808-1926 
SME > 250 ppm 34-76 39-513 27-684 
M3 Cu 1.0-11.0 ppm 5.0-5.1 1.7-2.4 9.2-15.4 
MM 0.25-0.6 ppm 0.39-0.44 0.1-0.2 0.81-1.75 
SME 0.01-0.5 ppm 0.02-0.02 0.01-0.04 0.03-0.08 
M3 EC  
 
- 
-x - - 
MM - - - - 
SME 2.00-4.00 (dS/m) 0.50-0.99 0.40-3.52 0.25-5.42 
M3 Fe 86-242 ppm 142-155 174-245 139-221 
MM 6.0-10.0 ppm 3.7-5.7 2.8-4.0 6.8-17.7 
SME 0.3-5.0 ppm 0.01-0.09 0.08-1.28 0.00-1.02 
M3 K 170-280 ppm 146-199 59-501 59-884 
MM 200.0-300.0 ppm 155-207 52-484 63-840 
SME 150.0-275.0 ppm 16-41 4-456 2-406 









MM 8-12% 3.7-3.8 2.8-3.8 2.9-7.1 
SME 8-12% - - - 
M3 Mg 6-120 ppm 104-120 89-118 40-157 
MM 10-20% of CEC 94-108 74-103 31-139 
SME > 60 ppm 14-29 6-86 1.8-78.1 
M3 Mn 12.0-29.0 ppm 24-29 31-40 10-22 
MM 4.0-9.0 ppm 3.5-5.2 2.9-6.1 4.1-13.0 
SME 0.1-3.0 ppm 0.14-0.38 0.07-1.49 0.04-2.64 
M3 Na - 19-27 30-57 30-141 
MM - 16-24 25-51 18-129 
SME < 100 ppm 18-32 30-106 18-129 
M3 P 30.0- 50.0 ppm 280-320 356-412z 78-140 
MM 20.0-40.0 ppm 11.8-12.9 22.9-30.1 4.9-9.4 
SME 1.0-5.0 ppm 0.15-0.18 0.48-1.95 0.11-0.68 
M3 pH 6.5-7.5 ppm - - - 
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MM 6.5-7.5 ppm 5.6-5.8 5.6-6.1 5.2-6.3 
SME 6.5-7.5 ppm - - - 
M3 S - 14-16 30-57 21-509 
MM >15 ppm 7.2-9.3 7-323 18-519 
SME 25-100 ppm 1.1-1.9 8-627 3-261 
M3 Zn 2.0-24.0 ppm 4.0-4.0 5.7-11.1 2.4-17.7 
MM 1.0-2.0 ppm 1.4-1.7 1.6-4.0 1.0-10.2 
SME   0.3-3.0 ppm 0.33-0.93 0.37-0.58 0.20-0.60 
z Optimum ranges based on University of Maine Modified Morgan interpretations. All  
values listed are mg/kg (ppm) except LOI (OM) which is the organic matter percentage of the 
 total soil fraction, and pH, which is on a scale of 0-14.  
y “-“ indicates that no interpretation of optimum range is available. 
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Table A.5: Midseason nutrient ranges from all soil tests in 2015. 














MM - 43-75 28-43 61-115 
SME <10.0 ppm 0.33-0.57 0.50-3.53 0.12-1.55 
M3 B - - - - 
MM 0.5 - 1.2 ppm 0.03-0.06 0.03-0.10 0.05-0.15 
SME 0.05-0.5 ppm 0.12-0.22 0.09-0.24 0.07-0.20 
M3 Ca 800-1200 ppm - - - 
MM 60-80% of CEC 279-768 792-1034 720-1567 
SME > 250 ppm 12-311 63-403 45-443 
M3 Cu 1.0-11.0 ppm --- --- --- 
MM 0.25-0.6 ppm 0.26-0.42 0.07-0.15 0.71-1.56 




- - - 
MM - - - - 
SME 2.00-4.00 (dS/m) 0.6-4.8 0.6-2.8 0.5-2.9 
M3 Fe 86-242 ppm - - - 
MM 6.0-10.0 ppm 3.1-7.2 3.0-5.3 4.6-16.3 
SME 0.3-5.0 ppm 0.03-1.69 0.24-2.64 0.00-1.25 
M3 K 170-280 ppm - - - 
MM 200.0-300.0 ppm 75-1175 30-197 37-238 
SME 150.0-275.0 ppm 4-794 3-67 2-64 









MM 8-12% - - - 
SME 8-12% - - - 
M3 Mg 6-120 ppm - - - 
MM 10-20% of CEC 60-142 45-80 29-71 
SME > 60 ppm 7-118 7-50 4-37 
M3 Mn 12.0-29.0 ppm - - - 
MM 4.0-9.0 ppm 5-15 9-22 5-14 
SME 0.1-3.0 ppm 0.2-4.2 0.6-5.0 0.2-3.4 
M3 Na - - - - 
MM - 45-138 39-76 13-65 
SME < 100 ppm 45-177 43-100 15-66 
M3 P 30.0- 50.0 ppm - - - 
MM 20.0-40.0 ppm 8.0-16.9 14.5-20.4 3.4-8.3 
SME 1.0-5.0 ppm 0.14-0.77 0.47-1.87 0.09-0.51 
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M3 pH 6.5-7.5 ppm - - - 
MM 6.5-7.5 ppm - - - 
SME 6.5-7.5 ppm 5.1-6.0 4.8-5.6 5.0-5.9 
M3 S - - - - 
MM >15 ppm 25-521 18-206 18-128 
SME 25-100 ppm 18-723 19-408 2.9-46.3 
M3 Zn 2.0-24.0 ppm - - - 
MM 1.0-2.0 ppm 1.0-2.1 1.8-3.6 0.7-7.3 
SME   0.3-3.0 ppm 0.27-.78 0.45-1.31 0.33-0.88 
z Optimum ranges based on University of Maine Modified Morgan interpretations. All  
values listed are mg/kg (ppm) except LOI (OM) which is the organic matter percentage of the 
 total soil fraction, and pH, which is on a scale of 0-14.  
y “-“ indicates that no interpretation of optimum range is available. 
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Table A.6: End of season nutrient ranges from all soil tests in 2015. 














MM - 76-102 32-42 106-166 
SME <10.0 ppm 0.78-6.67 1.44-3.81 0.49-3.81 
M3 B - - - - 
MM 0.5 - 1.2 ppm 0.04-0.10 0.05-0.08 0.07-0.19 
SME 0.05-0.5 ppm 0.04-0.08 0.04-0.09 0.03-0.08 
M3 Ca 800-1200 ppm - - - 
MM 60-80% of CEC 430-915 779-948 774-1519 
SME > 250 ppm 7-388 41-256 47-412 
M3 Cu 1.0-11.0 ppm - - - 
MM 0.25-0.6 ppm 0.35-0.48 0.07-0.12 0.76-1.82 
SME 0.01-0.5 ppm 0.04-0.13 0.01-0.03 0.02-0.08 
M3 EC  
 
- 
- - - 
MM - - - - 
SME 2.00-4.00 (dS/m) 0.5-0.9 0.48-1.95 0.48-2.94 
M3 Fe 86-242 ppm - - - 
MM 6.0-10.0 ppm 3.8-8.4 3.2-4.6 8.6-21.7 
SME 0.3-5.0 ppm 0.31-4.55 0.88-2.95 0.18-2.79 
M3 K 170-280 ppm 
MM 200.0-300.0 ppm 43-1689 23-49 33-110 
SME 150.0-275.0 ppm 2-1607 0.9-8.31 2.1-17.9 









MM 8-12% - - - 
SME 8-12% - - - 
M3 Mg 6-120 ppm - - - 
MM 10-20% of CEC 87-164 46-68 34-80 
SME > 60 ppm 2-165 3-31 4-29 
M3 Mn 12.0-29.0 ppm - - - 
MM 4.0-9.0 ppm 4.4-17.1 2.8-5.1 3.1-5.9 
SME 0.1-3.0 ppm 0.17-9.49 0.08-0.75 0.09-2.28 
M3 Na - - - - 
MM - 97-255 40-61 23-82 
SME < 100 ppm 85-341 33-62 23-83 
M3 P 30.0- 50.0 ppm - - - 
MM 20.0-40.0 ppm 10.6-16.4 16.5-20.7 4.5-7.6 
SME 1.0-5.0 ppm 0.26-1.98 0.90-1.54 0.16-0.53 
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M3 pH 6.5-7.5 ppm - - - 
MM 6.5-7.5 ppm 4.9-6.3 5.3-5.9 5.0-5.8 
SME 6.5-7.5 ppm - - - 
M3 S - - - - 
MM >15 ppm 18-863 6-65 33-130 
SME 25-100 ppm 22-1123 7-79 5-73 
M3 Zn 2.0-24.0 ppm - - - 
MM 1.0-2.0 ppm 1.13-2.42 1.42-3.33 0.77-8.12 
SME   0.3-3.0 ppm 0.13-0.48 0.09-0.19 0.00-0.50 
z Optimum ranges based on University of Maine Modified Morgan interpretations. All  
values listed are mg/kg (ppm) except LOI (OM) which is the organic matter percentage of the 
 total soil fraction, and pH, which is on a scale of 0-14.  
y “-“ indicates that no interpretation of optimum range is available. 
x Analysis not performed. 
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